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Notation 


external work, Hölder’s constant, work of defor- 
mation 

covariant and contravariant vectors 

covariant, contravariant, and mixed tensors 
covariant derivatives of tensors Amn, A", respec-- 
tively 

thermal diffusivity 

components of vector a in rectangular Cartesian: 
co-ordinate system 

projections of vector a on ep, e*, respectively 
physical projections of vector a 

covariant derivatives of vectors Bg, BP, respec-. 
tively 

elastic coefficients 

height, phase velocity, specific heat 

specific heat at constant pressure 

specific heat at constant volume 

wave velocities 

flexural rigidity of plate, torsional rigidity 
modulus of elasticity in tension or compression 
unit vector 

extension along co-ordinate line 

covariant and contravariant base vectors 
components of small strain tensor 

Helmholtz free energy 

body force vector per unit mass 

body force vector per unit volume 

complex torsion function 

invariant or scalar 
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Notation 


cofactor of element gyn 

acceleration of gravity, determinant 

covariant, contravariant, and mixed metric ten- 
sors 

scale factors 

height, thickness 

moment of inertia, Reissner’s functional 

polar moment of inertia 

Bessel function of zero order 

Bessel function of first order 

invariants of stress and strain tensors 
imaginary unity 

unit vectors of rectangular Cartesian coordinate 
system 

bulk modulus, curvature of elastic line, kinetic 
energy 

surface heat transfer coefficient 

resultant moment 

arc length, length 

direction cosines 

moment of couple 

couple-stress vector 

twisting moment (torque) 

mass 

unit normal vector 

surface force vector 

load intensity, pressure 

affine orthogonal tensor 

physical projections of tensor Dmn 

heat quantity, shearing force 

frequency, load intensity 

external work, radius, radius of curvature, strain 
energy 

complementary energy 

Riemann-Christoffel tensor 

real part 

radius 

radius vector 


Notation 41 


de at RE GE ee ia a aa ee a 


r, 9 
T, Ọ, T3 
r, P, Pp 


REP TEESE OT NAN GS 
~A 
i 


nk 

Y 

A 

6 

ae 

ô (£h) 

ôBg BË Amn 


‘és’ 8s’ s 


Eijk 
Enk 
El, Ez, E3 


ô 

2* 

À, p 
YV 


$, n, & 
I 


plane polar co-ordinates 

cylindrical co-ordinates 

spherical co-ordinates 

entropy, static moment of area 

upper and lower half-plane, respectively 
absolute temperature, tension 

stress vector 

contravariant components of stress vector 
point of curve, time 

internal energy 

displacement vector 

resultant vector 

velocity, volume 

acceleration vector 

deflection of plate 

rectangular Cartesian co-ordinates 
curvilinear co-ordinates 

coefficient of linear thermal expansion, Hölder’s 
exponent 

Christoffel symbols 

specific weight (weight per unit volume) 
Laplacian operator 

thickness 

Kronecker symbols 

Dirac function 


absolute derivatives of vectors Bg, B®, and tensor 


Amn, respectively 
-tensor 

components of finite strain tensor 
principal extensions 
volume strain 

angle 

thermal conductivity 
Lamé’s elastic constants 
Poisson’s ratio 
rectangular co-ordinates 
potential energy 
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Notation 


density 
mean (hydrostatic) pressure 


components of affine orthogonal stress tensor 
contravariant components of stress tensor 
normal stress vector 

principal normal stresses 

angle of twist per unit length, volume 
shearing stress vector 

Airy’s stress function 

stress function in torsion or Prandtl’s stress 
function 

complex potentials 

polar angle 

Saint Venant’s torsion function 

analytic functions of complex variable z 
flexure function 

angular velocity, surface area 

rotation tensor 

Hamiltonian operator 


Introduction 


The theory of elasticity is concerned with the mechanics of defor- 
mable media which, after the removal of the forces producing defor- 
mation, completely recover their original shape and give up all the 
work expended in the deformation. 

The first attempts to develop the theory of elasticity on the basis 
of the concept of a continuous medium, which enables one to ignore 
its molecular structure and describe macroscopic phenomena by the 
methods of mathematical analysis, date back to the first half of 
the eighteenth century. 

The fundamental contribution to the classical theory was made 
by R. Hooke, C. L. M. H. Navier, A. L. Cauchy, G. Lamé, G. Green, 
B. P. E. Clapeyron. In 1678 Hooke established a law linearly con- 
necting stresses and strains. 

After Navier established the basic equations in 1821 and Cauchy 
developed the theory of stress and strain, of great importance in the 
development of elasticity theory were the investigations of B. de 
Saint Venant. In his classical work on the theory of torsion and 
bending Saint Venant gave the solution of the problems of torsion 
and bending of prismatic bars on the basis of the general equations 
of the theory of elasticity. In these investigations Saint Venant devi- 

sed a semi-inverse method for the solution of elasticity problems, 
formulated the famous Saint Venant’s principle, which enables one 
to obtain the solution of elasticity problems. Since then much effort 
has been made to develop the theory of elasticity and its applications, 
a number of general theorems have been proved, the general methods 
for the integration of differential equations of equilibrium and motion 
have been proposed, many special problems of fundamental interest 
have been solved. The development of new fields of engineering de- 
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mands deeper and more extensive studies of the theory of elasticity. 
High velocities call for the formulation and solution of complex 
vibrational problems. Lightweight metallic structures draw partic- 
ular attention to the question of elastic stability. The concentration 
of stress entails dangerous consequences, which cannot safely be 
ignored. 


CHAPTER &ł 


Elements of tensor calculus 


Many problems of mechanics, theoretical physics, and other 
sciences lead to the concept of a tensor. This concept is of a more 
complicated nature than the concept of a vector. The definition of a 
vector as a directed segment does not allow one to pass to the con- 
cept of a tensor by a natural generalization. We shall therefore try 
to give a definition of a vector, equivalent to the former one, such 
that its generalization will lead to the concept of a tensor, which 
cannot be explained by means of a simple geometrical image. To do 
this, we have to introduce into consideration arbitrary curvilinear 
co-ordinates. With reference to these co-ordinates we shall give a 
definition of a vector, and subsequently a definition of a tensor as 
some object that is not altered by a change of the co-ordinate system. 

The advantage of tensor calculus in continuum mechanics is par- 
ticularly apparent when we deal with arbitrary co-ordinate systems. 
In the following discussion we shall restrict our attention to a three- 
dimensional Euclidean space in which the position of each point is 
determined by three numbers, co-ordinates. Here we shall present 
some basic data from tensor calculus. The presentation makes no 
claim to be complete or rigorous; a summary of definitions and for- 
mulas is given which will be referred to in what follows. 

Denote the curvilinear co-ordinates of some point by z!, z?, z? 
and introduce new co-ordinates of this point z!, z?, z? connected 
with the old ones by the relations 


var (x, 2, 2) (k=1, 2, 3), (4.1) 


which are called the formulas of transformation of co-ordinates. 

_ Suppose that all functions z* in the given range of co-ordinates 
z', x*, 2° are single valued, continuous and have continuous partial 
derivatives of the first order, and the Jacobian is different from zero. 
From (1.4) we then find a transformation of co-ordinates which is 
inverse to transformation (1.1) 


T= (xt, 2, 23) (k=1, 2, 3), (1.2) 
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If any two of the three co-ordinates are fixed and the third one is 
varied continuously, we obtain a line which is called a co-ordinate 
line. We assume that at each point of space there pass three co-ordi- 
nate lines not lying in the same plane. It may be proved that this 
requirement is always fulfilled if the Jacobian of transformation (1.1) 
is not zero. 

In the particular case, when we transform from one rectilinear 
rectangular co-ordinate system 02,x7,r, to another system 022,73, 
instead of (1.1) we have 


3 
T= di Gent (k=1, 2, 3), (1.3) 
n= 


where @}n are the cosines of the angles between the axes of the co-or- 
dinate systems Ozı£,% and 07,223. 

Here and henceforth, we agree, for shortness in writing, to omit 
the summation sign in (1.3) assuming that the repeated index must 
be summed from n = 1 to n = 3. We shall no longer mention that 
we have three formulas (k = 1, 2, 3). Relations (1.3) are then writ- 
ten as 


Lp = AnnTn (1.4) 


A transformation of the form (1.4) is said to be affine orthogonal. 


1. SCALARS, VECTORS, AND TENSORS 


Suppose we have a quantity f (z!, x”, x°) in some coordinate system 
x” (n = 1, 2, 3), and a quantity f (zt, z*, z*) in the system 2*; if 
under transformation (1.1) the values of these quantities at the same 
points are equal, the quantity f is called an invariant, or a scalar. 
Examples of scalar quantities are density, temperature. 

Suppose we have a set of three quantities A” in ame co-ordinate 
system x" (n = 1, 2, 3), and a set A” in the system zx" (k = 1, 2, 3); 
if under the transformation of co-ordinates (1.2) the quantities A* 
are determined by the formulas 
axh 
aa (1.5) 
the set of three quantities A” is called a contravariant vector, and 
the quantities A” are called its components. As in formula (4.4), 
the summation in formula (1.5) is carried out with respect to the 
index n, which appears twice. It is easy to see that the set of three 
differentials of the co-ordinates forms a contravariant vector. 

Indeed, from hor milas (1. z we naye 


= Å” —_ 


oak 
aa dz? = dx” ae (1.6) 
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Comparison of formulas (1.6) and (1.5) shows that dz” are the com- 
ponents of a contravariant vector. 

Suppose we have a set of three quantities A, in some co-ordinate 
system z”, and a set A, in the system z; if under the transformation 
of co-ordinates (1.1) the quantities A, are determined by the for- 
mulas 

= xn 

A, = Ay re (4.7) 
the set of three quantities A, is called a covariant vector, and the 
quantities A, are called its components. It can easily be verified that 
in the case of the affine orthogonal transformation the definitions of a 
contravariant and a covariant vector are identical. Indeed, by sol- 
ving Eqs. (1.4) for 





Tn = OnnZns (1.8) 

from (1.4) and (1.8) we find 
Orn _ th __ : 
On, T Or, = Akn. (1.9) 


The last relations show that the transformation formulas (1.5) and 
(1.7) coincide, i.e., we have 


Ak = AnXrn- 


The set of quantities a, (n = 1, 2, 3) is called an affine orthogonal 
vector. 
Suppose we have a set of nine quantities A” in some co-ordinate 


system z”, and a set A‘* in the system zt; if under the transformation 


of co-ordinates (1.2) the quantities A‘* are determined by the for- 


“mulas 4 
Tik__ ymn ôT? One 
A =A orm Orn 9 





(1.10) 


the set of nine quantities A" is called a contravariant tensor of 
rank two, and the quantities A” are called its components. 

In formulas (1.10) a double summation must be performed for all 
values of the repeated indices n and m (m, n = 1, 2, 3). If 





(1.14) 
the set of nine quantities A, is called a covariant tensor of rank two. 
If 


TR n O2™ Ozh 
At = Am raat 


(1.12) 


2—0884 
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the set of nine quantities Am is called a mixed tensor of rank two. 
In the case of the affine orthogonal transformation the definitions of 
a contravariant, a covariant, and a mixed tensor are identical by 
virtue of (1.9), i.e., 

Pik = Pmn&miSnk- (1.13) 
The set of nine quantities Pam is called an affine orthogonal tensor of 


rank two. 
Suppose that in any co-ordinate system we have a set of the fol- 


lowing nine numbers: 
1 when m=n, 
on = 
R= 


0 when mÆn. (1.14) 


We shall show that 67,, called the Kronecker symbols, are the com- 
ponents of a mixed tensor of rank two; to do this, we must show that 
the ôm satisfy formulas (1.12) 


ue ee (1.15) 


m PED ri 
By (1.14), we have 
gn ack sm — axk aan (1.46) 


Substituting (1.1) in (1.2), we obtain 
v= a2" (xt (x1, 22, 2°), 22 (x1, 22, T), £ (zt, 2%, 23)). (1.17) 


By differentiating both sides of (1.17), we find 














dzk dak aan 
dxt Ôn gri 
On the other hand, 
OT al (1.18) 
Ox 
On comparing (1.18) with (1.16) we obtain (1.15), which was to be 


proved. 
Tensors of higher rank are defined in an analogous way. Thus, if 


= rm Arr xs 
Ainr= Anns Sel Age oak 


the set of 27 quantities A,,,, is called a covariant tensor of rank 
three (the number of components of a tensor is determined by the 
number of dimensions of the space to a power equal to the rank of 
the tensor). 
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Consider a contravariant and a covariant tensor of rank two, A™”, 
Amn. If, when the indices of A™”, Amn are interchanged, the fol- 
lowing relations are valid: 


A”™ = A™, Anm = Amn: (1.19) 


the tensors are said to be, respectively, symmetric contravariant 
and symmetric covariant. If, when the indices are interchanged, the 
following relations are valid: 


A”™ = —A™, Anm = —Amns (4.20) 


the tensors are said to be, respectively, antisymmetric contravariant 
and antisymmetric covariant. 


2. ADDITION, MULTIPLICATION, AND CONTRACTION 
OF TENSORS. THE QUOTIENT LAW OF TENSORS 


(a) Addition. The operation of addition applies only to tensors 
having the same number of lower and upper indices (i.e., to tensors 
of the same rank and type). If we are given two tensors of the same 
rank and type, and if we sum algebraically each component of the 
first tensor and the corresponding component of the second tensor, 
we obviously obtain a tensor of the same rank and type as the origi- 
nal tensors. This operation is called addition, and the resulting ten- 
sor is called the sum of the two tensors. 

(b) Multiplication. Let us define the product of two tensors of 
any rank and type. By multiplying each component of the first ten- 
sor by each component of the second tensor, we obtain a tensor whose 
rank equals the sum of the ranks of the two original tensors. This 
operation is called multiplication, and the resulting tensor is called 
the product of the two tensors. For definiteness, we assume that the 
multiplication in question is that of a contravariant tensor of rank 
two A” by a tensor of rank three By (By is once contravariant and 
twice covariant). We then obtain a tensor C3" whose components 
are determined by the formulas 


frie = AM" Bite (1.21) 


This ‘6 a tensor of rank five iiss times contravariant, twice cova- 
riant). 

The operations of addition and multiplication can be extended to 
any number of tensors. 

(c) Contraction (reduction of indices). The operation of contrac- 
tion applies only to mixed tensors; we shall illustrate this by a se- 
ries of examples. Let us take, for example, a tensor of rank four 
A'%m, Which has one contravariant index and three covariant indices. 
Putting now m = n, we obtain the tensor B,; = A%n, in which n 
is a repeated index; in accordance with our convention it must be 
2* 
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summed from 1 to 3. As a result we obtain a covariant tensor of rank 
two, i.e., a tensor whose rank is two less than that of the original 
tensor. The operation of contraction, obviously, cannot be repeated 
any more in this example. 

Let us now take a tensor of rank five A%? and contract with respect 
to any pair of indices, one of which is a superscript and the other a 
subscript. If, for example, we put s = m, we obtain a tensor of rank 
three Bi, = Amir- We can contract once more with respect to r 
and n, obtaining the covariant vector C; = A%n. From a tensor of 
rank five A%"’, after double reduction of indices, we obtain the 
contravariant vector D” = Aw. If in a tensor of rank four A3” 
the contraction is carried out twice, we obtain the scalar (invariant) 
fı = Am or f = Anm. In the case of affine orthogonal tensors the 
operation of contraction can be carried out with respect to any two 
indices since there is no difference whatsoever between contravariant 
and covariant affine orthogonal tensors. 

By contracting an affine orthogonal tensor Pmn with respect to 
the indices m and n, we obtain the invariant 


C = Dam = Pu + Poz + Pss (1.22) 


A combination of the operations of multiplication and contrac- 
tion is called scalar (inner) multiplication. The operation of scalar 
multiplication of two tensors reduces first to their multiplication, 
and then to the contraction of the resulting tensor with respect to a 
superscript of one tensor and a subscript of the other. Suppose we 
have two tensors, A™” and B$; by contracting their tensor product 
in four ways, we obtain a scalar product, viz. A™” Bhe, A™ Ben, 
A™Bs,, A™Bs. A scalar product of a contravariant vector A™ 
and a covariant vector Bn is the invariant A"B,, which can obvious- 
ly be termed the scalar product of the vectors A™ and B,. In the 
case of affine orthogonal vectors a, and bm we obtain the scalar pro- 
duct of these vectors, a-b = anbn- 

(d) The quotient law of tensors. Suppose some tensor is given, say 
A} n- We set into correspondence with the covariant indices of this 
tensor arbitrary contravariant vectors u% and vê, and with the con- 
-travariant index a covariant vector w,. If the product A*,uvbw, 
representing a tensor of rank six is contracted with respect to the 
indices m and a, n and ĝ, k and y, we obtain the invariant 


f = Amnu™v wy. (4,23) 


Further, suppose we are given two tensors, A®,, and B®. If the pro- 
duct A%,, B®, which represents a tensor of rank five, is contracted 
with respect to the indices m and a, n and R, we have the contrava- 
riant vector 

ABP = C*, (1.24) 
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Thus, the operation of multiplication of tensors gives again a ten- 
sor. We may now inquire whether a certain system of quantities is 
a tensor if its product with a tensor gives a tensor. There is a theo- 
rem on that score which provides a means for easily establishing the 
tensor character of a given system of quantities. This theorem may 
be formulated as follows: 

(4) if for an arbitrary choice of the vectors u”, v”, w, the product 
(1.23) represents an invariant, then A®*, is a tensor; 

(2) if for an arbitrary choice of the tensor B® the product (1.24) 
represents a contravariant vector, then A®,, is a tensor; 

_.’ (3) if the quantities Amn possess the symmetry property and the 
` product A,,,w™u" is an invariant for an arbitrary vector u*, then 
Amn is a tensor. 

To prove the theorem of the form (1), it is necessary to verify that 
the components A®, satisfy the definition of a tensor. 

According to the condition of the theorem, for two co-ordinate 


systems, x” and z”, we have f = f, or on the basis of (1.23) 


Algu" w, = Artgu%bw,. 

By interchanging the co-ordinates z” and x” in formulas (1.5) and 
(1.7), in the system x” we obtain 
pB — pr 2È y, dak 


~m ax% 
m 
w w A 
azn’ i R azy 


xm 











u% = i 


Substituting these relations in the last formula, we have 





ana ax™ ax Oxk >na 


A Yg uevbw, = u™v"w 
aB X dam zn rY BS 
Hence, 
k Oxm Ozer rY \- abot 
(Tu Ann = zr Pg Oak a u%p Wy = 0. 


Since, by condition, the contravariant vectors u%, vê and the cova- 


_Tiant vector w, are arbitrary, we have 
xrm xr CAA 

Akg = Amn ; 
ae mar” Osh Oak 


Consequently, AŻ n» is a tensor. 
To prove the theorem of the form (2), relation (1.24) is multiplied 
scalarly by an arbitrary covariant vector D;; then 


AapB™ D, = CD, =f, 
where f is an invariant. Consequently, 
AkeB D, = AngB™ Dp. 
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By interchanging the co-ordinates z” and z” in formulas (1.10) 
and (1.7), in the system z” we obtain 





aB_ pmnan dx ôx? OD ðxY 
ages age © ES a 
Thus, 
1 y on™ drt Ox’ Smr 
(Als — Ahn oon Se) BD, =0. 


From this, since the tensors B™” and D, are arbitrary, we have 


dx™ xn ðxrY 
z% axz® agk’ 


Axa = Ahn 
which was to be proved. 


To prove the theorem of the form (3), the contravariant vector is 
represented as u% = v* + w*. Then 


AmnU”U” = Ampv"v" + Amn W” W” + Amn” w” + Amn w". 


Since, by the condition of the theorem, Amnu”u”, Amnv™v", 
and Am,w”w” are invariants and since, by virtue of the symmetry 
of the quantities Amn, we have A,,v"w" = A,,v"w™, it fol- 
lows that A,,,v"w" is an invariant. Then, noting that v” and w” 
are arbitrary vectors, we conclude from the theorem of the form (1) 
that Amn is a covariant tensor of rank two. 


3. THE METRIC TENSOR 


Consider two infinitely close points A (zt, x”, x°) and A, (z! + dat, 
x? + dz®, z3 + dz’) in space. These points define an infinitesimal 
vector dr, which is independent of the choice of co-ordinate system. 
Let the length of the vector dr be denoted by ds. If e defines, by con- 
dition, the unit vector directed along the straight line AA,, then 


dr = dse. (1.25) 
From the point A (xt, 2”, x3) we draw co-ordinate lines which do not 
lie in the same plane and are not, in general, orthogonal. Denote 


by e, a system of vectors, not of unit length, directed along the tan- 
gents to the co-ordinate lines; then 


dr, =dz'e,, dr, = dze, drs = dres, 


where dr,, dra, dr are infinitesimal vectors defining a parallelepiped 
whose diagonal is the vector dr, i.e., 


dr = dse = dz"e,. (1.26) 
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From this, according to the rules for the scalar multiplication of 
vectors, we find 


ds? = (dx"e,,-dz*ep) = gnp dx" dz*, (1.27) 
where 

Snk=(Cn-en) (n, k=1, 2, 3). (1.28) 
The system of vectors e, is called the covariant base of a co-ordinate 
system. 


The coefficients g,; in the quadratic form of the differentials dz™, 
as seen from (1.28), form a symmetric matrix (gnh = Ern). Thus, by 
the quotient theorem, gn} are the components of a covariant tensor, 
called the covariant metric tensor. 

When using curvilinear co-ordinates, it is advisable to introduce, 
along yi the fundamental base „Em the reciprocal contravariant 
base e”, i.e., a triplet of vectors eë connected with the fundamental 
vectors e, ir the formulas 


en-e? = 8}, (1.29) 


where 6? are the Kronecker symbols. 
To do this, it is sufficient to put 





e! = AS g= €z X ey P LUX Se. 
g eo Be o? (1.30) 
g= e1: (€23 X e3). 
From (1.29) it also follows that 
exe? e? xX el elx e? 
€; = —————— s = —————— = 
: a’ a & ?’ É & (1.31) 


gi=e!. (e? x e’). 


Thus, e, is perpendicular to the (eë, e™) plane. 


If the co-ordinate system is orthogonal, it is obvious [see (1.30) 
and (1.31)] that the base vectors e, and e coincide in direction, but 
their magnitudes are in general different. 

We represent the vector e, as a linear combination of the vectors e*: 


en=Cnre" (k, n=1, 2, 3). 


Taking into account relations (1. 28) and (1.29), we obtain C,, = 
= gnr; consequently, en = gnre”. 
From this, by Crammer’s rule, we find 
= Sak e, =g™e, (g#0). (1.32) 


Here Gar is the cofactor of the element gpn in the determinant g. 
From (1.32), on the basis of (1.29), we have 


eter = Sak grt, (1.33) 
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The ee are symmetric. Substituting (41.32) in (1.29), we have 
(en +e;) gh = = Enj g” = a he 

From this we ‘conclude ‘that g’* are the components of a contrava- 
riant tensor. The tensor g” is called the contravariant metric tensor. 
The components g” of this tensor can be calculated by means of 
(1.33). 

We now multiply the contravariant vector A™ by the metric ten- 
sor g}, and contract; we then obtain the covariant vector g,,A*, 
which will be denoted by A,. Consequently, 


A, = gnrA*. (1.34) 
Likewise, 

At = g""A,, (1.35) 

Eh = Erne. (1.36) 


The vectors A, and A” related by formulas (1.34) and (1.35) are 
called associated vectors. As seen from formulas (1.34) and (1.35), 
we can easily calculate the components of either of the vectors A, 
or A” from the components of the other. Hence, A, and A” may con- 
veniently be considered as different, respectively covariant and 
contravariant, components of the same vector A. 

The tensor gf, is called the mixed metric tensor. It is easy to prove 
that gk is identical with the Kronecker tensor. Indeed, on the basis 
of formulas (1.34), (1.35), and (1.36) we have 


Ar E Err” = Sng” Am oe gr Am, 
whence 
Ar = Ek Ame 
For these relations to be fulfilled for all values of A;, the components 
of the mixed metric tensor gz must be chosen as follows: 
m 1 when k=m, 
g í 0 when km, 

Consider now the covariant tensor A,,. If the first index r is to be 
raised, the tensor A,, must be multiplied by g™” and then contracted 
with respect to the first index, i.e., 

A’, = og Amk. 

In order that one may know which index has been raised, a dot is 

inserted in its place. For example, in the equality 

. Ar, omc g” Ane 
the second index k has been raised. Both indices can be raised by the 
formula 


(1.37) 


Ark = g” g” Amn 
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These operations can obviously be completely extended to tensors 
of any rank. All tensors obtained from each other in this way are 
called associated tensors; their components may also be regarded as 


the components of the same tensor. 
In a rectilinear rectangular system of co-ordinates the square of 


the distance between a point A of co-ordinates £m and a point A, 
of co-ordinates £m + dt, is given by 
ds? = dtfa. (1.38) 
Since 
Im = Tm (zt, x*, 2), 
it follows that 


ô. 
dtm = dz". 


Formula (1.38) may now be put into the form 


Ox Ox 
2 m m n 
ds? = -n os dx” dz*. 








By introducing the notation 


ô. ô. 
Enr = a A Shn (1.39) 





the last formula may be represented as 
ds? = gnp dz” dz*. (1.40) 


We conclude from the quotient law of tensors that gnp is a covariant 


tensor. 
We now determine the values of the contravariant and covariant. 


components of a vector a given at a point P of space. Draw through 
this point three co-ordinate surfaces 


z? = constant. (1.41) 


The intersections of these co-ordinate surfaces determine three 
co-ordinate lines. 

We calculate the angles that the directions e, and e* make with 
the axes of the rectangular Cartesian system of co-ordinates Zm- 
Take an elementary vector dr, along ep; its length is determined by 
the formula 

ds, = | adr, | =V drž. 


Here the index m is summed from 1 to 3. Taking into account that 
the co-ordinates £m along the co-ordinate line z* depend only on 
the co-ordinate z*, the last formula is put into the form 


ds,=V (Se)? at 


axk 
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or, by formulas (1.39), 
ds, =V Ern dæ. 


The expression for the cosine of the angle between the direction ep 
and the zm axis then becomes 


_ dim ___ 1 Otm 
COS (€k, Lm) = o Vea (1.42) 


As is known, the formula for the cosine of the angle between the 
direction e* (or between the vector grad z?) and the £m axis is of the 
form 











1 ork 1 oxk 
k = oe SEO c, 1.43 
cos (e ? Lm) p | grad ak | OLm V ( Jrk i Lm ( ) 


Ox; 





Taking into account that the components of the tensor gnp in a 
rectangular Cartesian co-ordinate system are equal to 5%, we have, 
by (1.10), 


nk _ gj Ox” rk 











E 50i Gay or 
from this 
hh _ dzk \2 
E = (7) 
‘On the basis of this formula we find from (1.43) 
R eLA oxk 
cos (ef, to) = aa (1.44) 


Denote the contravariant and covariant components of the vector 
a by A? and A,, and its components in the rectangular Cartesian 
co-ordinate system by am. Further, let ae, and aek denote the pro- 
jections of the vector a, respectively, on e, and e*. Noting that 
a = indm (im are the unit vectors of the rectangular Cartesian co-or- 
dinate system), according to the basic formula for the projection of 
a vector on a given direction we obtain 





= A Tm 
Ge, = Am COS (er, Lm) = Vin oc am (1 .45) 
1 oxk 
Ak = am 008 (€*, tm) = Ve Fag om (1.46) 
‘On the other hand, on the basis of formulas (1.5) and (1.7) we have 
At oxk A, =a OLm 
— Um 


= am rm ’ axk ` 


3. The Metric Tensor 27 


Substituting these expressions in (1.45) and (1.46), respectively, we 
obtain, finally, 





1 
| Re NY 1.47 
=y (1.47) 
1 
=—— A’, 1.48 
ah V ghk ( ) 


We note once more that the index k is not to be summed in (1.47) 
and (1.48). If the curvilinear system of co-ordinates is orthogonal, 
the directions e, and e? coincide, and de, = Agh; denote these 


by ayk. 
If the curvilinear system of co-ordinates is orthogonal, then, as 
is known, 
1 
Err = Hi, A 


where H, are scale factors. 
In this case we obtain from (1.47) and (1.48) 


a k= “ay A, = H,A*. (1.49) 


The ayè are called the physical projections of the vector a. 

We now denote a tensor of rank two in rectilinear rectangular 
co-ordinates z; by Pir, the physical projections of this tensor in 
curvilinear orthogonal co-ordinates zê by P,i,k, and its contrava- 


riant components by A‘*; by the formulas (4.10) for the transforma- 
tion of the components of a tensor we then have 


Ox axk 
Ta xR ` 


A’ = Dap 
Taking into account (1.44) and noting that g** = Hj2, we can write 
Aik = TE Pap cos (et, £a) cos (e, zp). 
On the basis of (1.13) 
Prist = Pag COS (€f, £a) cos(e*, xp); 
then 
Pigh = H;H,A®. 
Noting that A® = giig** Aip = Hj*H72A,,, we have 
; 1 
Pik = H,H,A™* = Win Aik (1.50) 


Let us determine the angle @ between two arbitrary vectors A 
and B given at the same point. The vectors A and B can be deter- 
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mined by a linear combination of the form 
A= Ae, = Ape”, 
B=B"e,=B,e". 
The scalar product of the vectors A and B is 
A.B=(e,-e,) AB" = (e*.e") A,B, = (ep €") AB, = (eè - €n) AB" 
or 
A-B = grn AB" = g'"A,B, = A Bp = Ap BP. (1.51) 
On the other hand, 
A.B=|A||B|cos®, (1.52) 
where 
| A|=V A-A= V gin A*A" =V g Arn =V 4,4, 
|B |= V gın B*B"=V #"B,Ba = V B,B*. 
Substituting (1.51) and (1.53) in (1.52), we find 
cs a (1.54) 
V gan APA” V gun BRBr 
From this we obtain a condition for the orthogonality of two vec- 


tors A and B: 
Ern AB” = g’" A,B, = A" B, = A,B* = 0. (1.55) 


(1.53) 


cos 0 = 


4, DIFFERENTIATION OF BASE VECTORS. 
THE CHRISTOFFEL SYMBOLS 
It follows from (4.26) that 
oT = ey (1.56) 


Oxn 


The base vectors are, in general, functions of position of the point 
at which they define the co-ordinate trihedral. The variations of the 
base vectors are characterized by the values of the derivatives sen, 
In an Euclidean space the derivative of a vector with respect to a 
scalar argument is obviously also a vector. 


The values of a are represented as the sum of three vectors paral- 


lel to the base vectors e,, i.e., 


den _ pi . 
se Tne; (4.57) 


The quantities Tia are called the Christo ffel symbols, or they are 
sometimes referred to as the three-index sy mbols. If the co-ordinates 
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are Cartesian, then e, are constant vectors, hence T} = 0, while 


for a curvilinear co-ordinate system Ti, Æ 0. 
It follows from (1.56) that 


ls A (1.58) 


dak dan* 
On the basis of (1.58) we have from formulas (1.57): 
Tine; =Thne;, 
from which it follows that 
Tin = Tin. (1.59) 
The Christoffel symbols are expressed in terms of the derivatives 


of the metric tensor. By multiplying equality (1.57) scalarly by en, 
and taking into account (1.28) we obtain 


0 de j 
Fae Ont Gap = Tang im (1.60) 


By interchanging the indices n and k in equality (1.60), and using 
(1.59), we find 





0 0 j 
BAD epe SO Tn ion (1.61) 


By adding (1.60) and (1.61), we have 


gnm ; Ekm dem dem j 
oxk i Ox” ~ (er axk Fer arn ) = Mhag ym. (1.62) 




















Calculate the parenthetical expression in this formula. Taking into 
account relation (1.58), we find 


Orn _ ô T eR 0en 0€m em 
gam = ggi (En: Ch) = Cn gam T Er Gam = En Gy T On an 








Consequently, formula (1.62) becomes 


j gnm , gem ô 
QD hag jm = En 4 SE — Oh (1.63) 


Ox” Ox™m * 


On multiplying (1.63) by g*™, and summing the index m, we obtain, 
with (1.36) and (4.37), 


ao Aam ( Ôgnm ı Ekm _ Bhan 
C be ee | (1.64) 


From this it is also seen that the Christoffel symbols are symmetric 
in the indices n and k. 


It can easily be shown that the following equality holds: 


oo = The. (1.65) 
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By differentiating the equality e”-e,, = 6”, we obtain 














den n O0€m 
ee Coe = 
ork m+ Oxk 
Taking into account (1.57), we find 
den j 
a ee —(e"-€;) Vink = — Tmk- (1.65’) 
den 
We now represent —— as 
L 
den n j 
= Bike’. 
oxk J 


Multiplying both sides of this equality scalarly by em gives 
den n gj 
+ €m = Bron = Bink 





On comparing this relation with expression (1.65’), we find 
mk = — Ima. 


From this we arrive at’ formula (1.65). 


5. A PARALLEL FIELD OF VECTORS 


As we have seen above, the algebraic operations on tensors again 
lead to tensors, which cannot be said, as we shall see below, about 
their differentiation. The partial derivatives of the components of a 
tensor constitute a tensor only in a Cartesian co-ordinate system. 
In curvilinear co-ordinate systems the situation is more complicated. 
Here we have to introduce so-called covariant differentiation whose 
action on a tensor again gives a tensor. The covariant derivative is 
identical with the ordinary derivative when the tensor is referred to 
a Cartesian co-ordinate system. 

If f (s) is a scalar function (s is the parameter), then f = f in the 
new co-ordinates, and hence 


lim LE+49=19 _ tim f (s+ As) ~F(s) 
As+0 As-+0 Me 
or 
df _ af 
ds ds’ 


from which it is seen that the derivative of a scalar function with 
respect to the parameter is again a scalar. 

The definition of the covariant derivative of a vector and a tensor 
will be given in Sec. 6. We first turn our attention to the investiga- 
tion of a parallel field of vectors. 


5. A Parallel Field of Vectors 3f 

Let the co-ordinates of an arbitrary point P on the curve under con- 
sideration be functions of the parameter s. At each point of this 
curve construct a vector equal to the vector given at the point P. 
Thus, we have a parallel field of vectors along the curve. We shall 
derive equations which this field must satisfy. 

Denote the components of the vector field under consideration in 
the system of co-ordinates zë by A”, in the Cartesian system of co- 
ordinates £m by am. In the Cartesian co-ordinate system the com- 
ponents of parallel vectors are constant along the curve, and hence 
dam __ 

ds 

By the definition of a vector, 

Ox 
am = APE | 
s oxk 


By differentiating the last equality with respect to the parameter s, 
we have 














dam _ dAk dxm qk sm der 
eA a a (1.66) 
Ox: 





On multiplying Eqs. (1.66) by g%6 = , and summing the index m 
x 


from 1 to 3, we find, from (1.39) and (1.37), 











dAP |g tm ôr dan 

po 2m m k = s 
Tt ek ae A ——=0. (1.67) 
By differentiating equalities (1.39) with respect to z%, we further 
have 


ðr% ax*axn xk Ox" gr% ork * 





Ofnk Im £m Oty Oty (1.68) 


In equalities (1.68) we make twice a cyclic permutation of the 
indices n, k, a, and subtract (1.68) from the sum of the equalities 
thus obtained. We find 

tm Tm _ Ena Bah  O8kn 
ack acn ðr” ah + dx” ðr% ` (1:89 


Substituting (1.69) in (1.67), we have 











aA B ak dx” i 


Thus, the parallel vector field along the given curve must satisfy 
the differential equations (1.70). 

Take any vector at a given point of space and construct vectors 
parallel to it at all points of space. The components AP of this paral- 
lel vector field are functions of the co-ordinates zê. If a curve is 
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drawn through any point of this field, the vectors on that curve 
obviously satisfy Eqs. (1.70). But we now have 

dAP AB dan 

ds oa” ds ? 





and Eqs. (1.70) become 





AB n 
(Si +Th,A*) =" =0, (1.74) 


Taking into account that condition (1.71) must be true for all 
curves issuing from the point P, we find that the parallel vector 
field satisfies a system of differential equations of the form 


B 
ôA ph Ak (1.72) 


Ox 





6. THE RIEMANN-CHRISTOFFEL TENSOR. DERIVATIVE 
OF A VECTOR. THE GAUSS-OSTROGRADSKY FORMULA. 
THE e-TENSOR 


We now pass on to the determination of new tensors by differen- 
tiating given vectors and tensors. Let f be a given scalar function of 
the co-ordinates of a point zë. In the new co-ordinates 2” related to 
a" by formulas (1.1) we then have f = f. Taking into account the 
last equality, and using (1.1), we have 

of of aah 
orm orh gam” 


(1.73) 
Thus, the derivative of a scalar function with respect to the co-ordi- 
nates gives a covariant vector ff. 

Consider the parallel vector field of an arbitrary contravariant 


vector AÊ along some curve and a covariant vector Bg defined on 
the same curve. At any point of the given curve the product B,A® 


is a scalar function of the parameter s, and hence 4. (B,A8) is also 
a scalar. On the right-hand side of the equality 


d 8, 236 48 dAP 





dxn 
s 


dAÊ ; 
z fr -y from (1.70); then 


we substitute —I8,A* 
d ps, dB B B k dx” 
a Bek) gg A ea 


or 
dBg 


m 





A (BpA*) = (S Tenba G) 4°. (1.74) 


ds 
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Taking into account that AP is an arbitrary contravariant vector 
of the parallel vector field and that the product of such a vector 
with the expression inside the parentheses on the right-hand side of 
(1.74) is a scalar, we conclude from the quotient law of tensors that 

ds —TinBr ds 





(1.75) 


is a covariant vector. 
The covariant vector (1.75) is called the absolute derivative of the 
covariant vector Bg with respect to the parameter s and is denoted 

by Se, consequently, 
Bg dBg 


6s — ds 








aip, z ; (4.76) 


Suppose that in any one co-ordinate system the following equation 
is satisfied: 


dB n 
= T haB S =0; (1.77) 


it is then satisfied in every other system, In the case of a Cartesian 
co-ordinate system (Tin = 0) Eq. (1.77) becomes 

dBg 

m =o. 
It follows that the vector Bg is also a parallel vector field along the 
curve under consideration. Thus, (1.77) are the equations that the 
covariant parallel vector field Bg along the given curve must satisfy. 

Consider the parallel vector field of an arbitrary covariant vector 

Ag along a given curve and a contravariant vector B® defined on the 
same curve. Proceeding in the same way as in the derivation of for- 
mula (1.76), and taking into account that the parallel vector field 
Ag must satisfy (1.77), we obtain the absolute derivative of the 
contravariant vector with respect to the parameter s 


ôB? ape dx 
6s = “is + T$? = . (1.78) 


Let B? be a field of contravariant vectors defined in some space. 
Take an arbitrary curve passing through any fixed point of this 
space; from (1.78) and 





daB _ ðB? dan 





ds da” ds 
we find 
ôB? aps B pk\ da” 
ôs \ aan +Tf,B*) ds ` 


3—0884 
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: n, 2 ; BÊ 
Since = is an arbitrary contravariant vector and = is a contra- 


variant vector, it follows from the quotient law that the expression 
in the parentheses is a mixed tensor of rank two. This tensor is called 
the covariant derivative of the vector B® and is denoted by B8; 
here the comma before the index n indicates differentiation with 
respect to x”. Consequently, 
B 
Be, 274 re Be, (1.79) 


m= Fyn 





In a similar way we obtain a covariant tensor of rank two 
ô Bg k g 
Bg, n = oe TgnBpe (1.80) 


This tensor is called the covariant derivative of the vector Bẹ. 

We shall now exténd these results to: the differentiation of a ten- 
sor. Consider arbitrary parallel vector fields B™ and C” defined. 
along some curve. Let Amn be a tensor of rank two defined along the 
same curve. At each point öf this cuve A,,,B"C" gives a scalar; 
hence, its derivative with respect to s is also a scalar 





d ny _ Amn pmen : dbm ac” . 
E (Ama BPC) = 422 BPC" Ary SE C4 Any B™ AE 


By eliminating the derivatives of the vectors by means of (1.70), 
we obtain 





d dA dat dat 
Fe (AmnBC") = (EEE — Dhi Aan o —TttAma -) BMC”. 


Consequently, we conclude from the quotient law that the expression 

in the parentheses on the right-hand side is a tensor of the same type 

and rank as Amn. It is called the absolute derivative of the tensor 
Amn and is denoted by bsmn . Then 

6A dA dzt dzt 

pan e Tinton G—-—TntAma a. (1.81) 

Consider a tensor field in some space. If a curve is taken passing 

through any point of this space, expression (1.81) along this curve 


is a tensor. 
Noting that 











dAmn _ 0Amn dz? 
ds ~ gb ds ? 








formula (1.81) may be put into the form 


8A aA da? 
pot = (SP Thien —TigAma ) Ge (1.82) 
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B 
Taking into account that (1.82) is a tensor and = is an arbitrary 


contravariant vector, we conclude from the quotient law that the 
expression in the parentheses is a tensor with one covariant index 
more than Amn; this tensor is called the covariant derivative of the 
tensor Am» and is denoted by Amn, pe Here the comma indicates 
differentiation with respect to zł; conséquently, 


A 
Amn, 8 = “oo —TinpAan —T'npAma- (1.83) 





The foregoing method can be used to evaluate the absolute and 
covariant derivatives of a tensor of any type and of arbitrarily 
high rank. Thus, if a: tensor is specified by contravariant components 
A™", then 





A e HIRA” LTA", (1.84) 

Let us evaluate the second covariant derivative of the covariant 
vector B,, i.e., with the aid of formula (1.83). we determine the cova-- 
riant derivative of the tensor B, s: 


OB,, OB. OB. 
Br, st = mS Th me —l'st Br, m= Z Tr —— 


act actaes "° aat 
—_T OBm m OB, 


Gg T Gow — Ba ( 








ð 
ga T TAR TAr). 
Let us permute the indices s and ¢ in this formula and subtract one 


expression from the other. By using the symmetry property of the 
Christoffel symbols, we have 





By, st— By, ts = RostBy, (1.85) 
where 
Ria = gor Phe — TR HIRT hs — IAT Re. (1.86) 


The left-hand side of (1.85) is a tensor and Bp is an arbitrary cova- 
riant vector; we conclude from the quotient law that R®,: is also a 
tensor. The tensor R?.st, which is called the Riemann-Christoffel ten- 
sor, consists only of the components of the covariant metric tensor 
Emn and their derivatives up to the second order. 
Let us lower the index p in (1.85), i.e., 
R prst = 8 pml rst = 8pm ar PR bpm T7 + 1 psms —Te0 5. mtr 
where 








Tae (ee OES. Sgn ) 
p»: ms e aNG 


2 \"azs arm OxP 
4 








5 oeme 


ôg ô 
T = ( mp gms 8ps . 
Maps ar tarp pam ) ’ 


36 Ch. I. Elements of Tensor Calculus 


from this 


mp 
ozs =]; ms tlm, ps’ 


Noting that 


p ô pm__9 m m 8pm = 
Epm grs T= Gee Epml r) —T Ga = 
ð 
‘ = 37 lon—-Th (Tp, ms HIm, ish 
we find 
R T rr ay 
prst = are * re Pps t rsi m, pt In m, ps° 


Inserting the expressions for Tp, ms under the derivative signs in the 
last equality, and using formula (1.64), this becomes 


R = 4 (oie 4 ors ps Pgri ) 4 
“prst Z \ axs ôx" Oxt OxP oxt ax? Ox® LP 





“+e (Tm, rsl'n, pt Tn, rtp, ps) (1.87) 
The properties given below follow directly from the last formulas: 
l Rorst ae Rrpsts Rppst =0, 
R prst = — Rprts Rpr = 0. (1.88) 
Rorst = Retpr- 


The equalities in the first two lines express the antisymmetry of the 
tensor Rprst With respect to each pair of indices p, r and s, t. Taking 
into account properties (1.88), after calculation we find that, of 84 
components of the Riemann-Christoffel tensor, there are only six 
independent components, namely Ris, Risis, Roses, Rinis Rees, 


3132: 

It is known that a Cartesian co-ordinate system can be introduced 
into the whole Euclidean space. Since the components of the metric 
tensor are constant in the Cartesian co-ordinate system, and hence 
the Christoffel symbols are zero, from formulas (1.87) we have 


Roret = O. (1.89) 


Thus, conditions (1.89) are necessary conditions for a space to be 
Euclidean. 

The converse may also be proved. If the Riemann-Christoffel ten- 
sor vanishes at all points of space, co-ordinates zt, x?, x° may be 
chosen in this space such that the quadratic form will become ds? = 
g,,dz'z*, with constant coefficients. The constancy of these coef- 
ficients indicates that the space is Euclidean. Consequently, the 
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condition that the Riemann-Christoffel tensor is zero provides a 
sufficient condition for a space to be Euclidean. 

It has been shown above that in a three-dimensional space the 
Riemann-Christoffel tensor has only six independent components. 
Consequently, conditions (1.89) may be replaced by six independent 
conditions of the form 

Roret = 9 (prst = 1212, 1313, 2323, 1213, 2123, 3132). (1.90) 


Thus, conditions (1.90) are necessary and sufficient conditions for a 
space to be Euclidean. 

Let us derive the Gauss-Ostrogradsky formula in a curvilinear 
co-ordinate system. 

As is well known, the formula for the transformation of a volume 
integral into a surface integral in a rectangular co-ordinate system, 

e., the Gauss-Ostrogradsky formula, is of the form 


f bar gy f arla do, (1.91) 
T ozh (0) 


where œ is a closed surface bounding the volume t, l, are the direc- 
tion cosines of the outward normal to the surface ©. 

Take now a curvilinear system of co-ordinates zë and „let A® deno- 
te a contravariant vector defining the vector a, in the x* co-ordinate 


system. Remembering that A? isa scalar, we have 
ôa 
Añ, = 1.92 
h= k" (1.92) 
Denote by n, the covariant components of the unit outward nor- 


mal vector whose components in the z, co-ordinate system are lp. 
On the other hand, 


Akng = Ayl,. (1.93) 
Consequently from (1.91), with (1.92) and (1.93), we obtain 
f At nde= | An, do. (1.94) 
T @ 


In conclusion we consider the e-tensor. Let the components of an 
object e,,; be altered in sign, but not in absolute value when any two 
indices are interchanged. Consequently, the components of the sym- 
bol e,,, can obviously have only the following values: 0, when any 
two of the indices are equal; +1, when rst is an even permutation of 
the numbers 1, 2, 3; —1, when rst is an odd permutation of the num- 
bers 1, 2, 3. 

Consider the determinant | a} |. Here the upper index denotes the 
row and the lower index the column. If the determinant is expanded 
in full by columns, it reads 


kR 
|a; | = + ajaia;. 


38 Ch. I. Elements of Tensor Calculus 


Here the summation is carried out with respect to the indices i, j, k, 
which form permutations of the numbers 1, 2, 3, and the plus or 
minus sign is given accordingly as the permutation of these numbers 
is even or odd. By the definition of the e-symbols, the determinant 
equals 


pig 
Ja; | = €:;,0,020;. 
Consider the sum 
ijk ps: 
Ci jn AA pay (i, J; k, Qa, B, y= 1, 2, 3). 


Taking into account that the indices i, j, k are summation indices, 
we have 


snag ae sty 
CijrDad pay oe Cn jiAapay = — ej haapaa. 
Thus, the interchange of the indices «æ and y alters the sign. The same 


result holds for any other two of the indices. Consequently, the sum 
under consideration is antisymmetric in the indices a, B, y, i.e., 


ijn pay = | 45 |eapy- (1.95) 
i i 
T A g=- in formula (1.95), and noting that the Jacobian 
T 


“|0, we obtain 
zi 








-1 ôx% Ca Ox¥ 
Cin, = 


ea 
akan oxi and Oak" 


OxT 


xs 


(1.96) 








Introduce a new co-ordinate system y? = y' (z', 22, x) and set up 















































an expression for e;;, | l. On the basis of formula (1.96) we obtain 
5 act |_| ôx" a z ðZ% az® az | axt || əz" 
ijk | ys oys aßy ðyi ays ayk | das || 3Y 
T 
or, after cancelling out - 
N Ea E A az* az® zY 
ijk Iys Copy | => 6x8 ` yt ays ayk £ 








From this and from the definition of a tensor the quantities 


ijk =| represent a tensor; it is denoted by Eijp. 





Introduce now three non-coplanar vectors, A’, Bi, C}. From the 
definition of the triple scalar product it follows that 


A- (B x C) = A'e; (B'e; x C*e,) = | = | eiA BICE = gip A1BIC*, 
(1.97) 


CHAPTER II 


Theory of stress 


Initially Cauchy and Navier regarded a solid as a system of mate- 
rial particles. Each pair of particles were assumed to be intercon- 
nected by forces of interaction directed along a straight line joining 
them and linearly dependent on the distance between the particles. 
With the level at which physics was at the beginning of the nine- 
teenth century, it was impossible to describe the elastic properties 
of real bodies in this way. At present there are rigorous physical 
theories which enable one to determine the elastic properties of crys- 
tals of different structure proceeding from the consideration of the 
forces of interaction between the atoms in a crystal lattice. An 
easier way followed by the modern theory of elasticity is to consider 
the distribution of the substance of a body to be continuous through- 
out its volume; this allows the displacements of particles to be as- 
sumed as continuous functions of co-ordinates. 

To calculate the force of interaction between particles situated 
on one side of an arbitrary element, imagined to be isolated inside 
the body, and particles situated on the other side of this element, it 
was found advantageous to introduce the concept of the averaged 
force of interaction between them. 

The error resulting from the above abstraction may be appreci- 
able in the case of determining the relative displacements of points 
that are originally spaced apart at distances comparable with the 
distances between particles, and in determining the force acting on 
an element of comparable size with the square of the distance be- 
tween particles. 

In solving practical problems of the deformation of a solid this 
abstraction introduces no serious errors, a fact which justifies the 
replacement of a solid by a continuous medium. 


Te TYPES OF EXTERNAL FORCES 


Two types of external forces acting on a body are distinguished. 
i 1. Surface forces are those which arise at points of the body sur- 
ace. 
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Let an element dw of the body surface be acted on by a force dP, 
then the vector 


—— =T, (2.1) 


represents the force per unit surface area at the point M (Fig. 1). 
It is called the intensity of surface force and its dimension is for- 
ce/length?. 


Tn 
F 
ap 
QO 
dw 
M 
r 
0 0 
Fig. 4 Fig. 2 


The resultant vector and the resultant moment of the surface 
forces applied to the entire surface œ are, by definition, 


y= f T, do, (2.2) 
D= | (r x T,)do. (2.3) 


Here f is the surface integral, r is the radius vector of the point of 


o 
application of the force with reference to an arbitrarily chosen ori- 
gin of co-ordinates. 
Examples of surface forces are the pressure of liquids or solids 
that are in contact with a given body, the pressure of light, etc. 
2. Mass forces are those which act on an element of mass of a body 


(Fig. 2). Let the mass dm = pdt enclosed in an element of volume 
dt of the body be acted on by a force dQ. The vector F = a then 


represents the force per unit mass at the given point. 
Volume forces F* are also considered, which are defined by the 


formula 
Pte 2? m p £2 = pr (2.4) 
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The resultant vector and the resultant moment of the volume 
forces applied to the entire volume Tt are 


v= \ Fo dr, (2.5) 


T 


L= f (r x F) pdt. (2.6) 


T 


Here f is the volume integral. 


t 
A typical example of mass forces is provided by gravitational for- 
ces. If the x, axis is directed vertically downward, the gravity force 

per unit volume is} 
F* = ipg. (2.7) 


8. THE METHOD OF SECTIONS, THE STRESS VECTOR 


The positions of particles in an undeformed body correspond to 
its state of thermal equilibrium. If a certain volume is isolated from 
this body, all forces exerted on it by other parts are balanced. Under 


Pi ón 
Tn 


Fig. 3 Fig. 4 


the action of external forces, however, the positions of particles in 
the body change, i.e., the body deforms, with the result that internal 
forces arise. To determine the latter, use is made of the well-known 
method of sections. Suppose we have a deformable body which is 
in equilibrium under the action of external forces. Imagine it to be 
cut by a surface mm into two parts. By removing one part, we replace 
its action on the remaining part by internal forces distributed over 
the surface of the section; these are the bonding forces between par- 
ticles of the body situated on both sides of the section (Fig. 3). The 
forces acting at the points of the surface of the section may now be 
classified as external surface forces. For equilibrium of the remain- 
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ing part, these forces must be chosen so that, together with the 
prescribed forces acting on the part of the body under consideration, 
they will constitute a balanced system of forces. Denote by AV and 
AL, respectively, the resultant vector and the resultant moment of 
the forces distributed over a surface element Aw of the section mm 
with normal n at the point M. The direction of the normal n to the 
‘surface element Aw is considered positive if it is directed from the 
remaining to the removed part. 
Assuming that in the model of a continuous medium considered 
by us there is only central action between its particles, we have 
: AL x AV 
ce zo =O» ve A Tr 


The vector T, is called the stress vector on the surface element 
with normal n at the point M. 

In considering the model of a medium introduced by W. Voigt in 
1887 it is assumed that, in addition to the ordinary central action, 
there is also rotational action between its particles. Then, besides 
the stress vector Ta, there is also a couple- 
stress vector M, equal to 


. AL 
a te 


The latter model will not be discussed here. 
The dimension of the stress vector, as 
follows from its definition, is force/length?. 
The stress vector 7, can be resolved into 
two components: 

(4) The normal component directed along 
the normal n is called the normal stress 
and denoted by op. 

(2) The tangential component directed 
along the tangent to the curve of intersec- 
tion of the plane passing through T, and n and the surface of the 
section is called the shearing stress and denoted by t, (Fig. 4). 

The normal stress is commonly considered positive if its sense 
coincides with the sense of the outward normal to the surface of the 
section at a given point. Otherwise negative. 

If the direction of the stress vector T, coincides with the normal 
to the surface ‘of the section at a given point, then 





Fig. 5 


T, = on and t, = 0. 


In this case the normal stress is called the principal normal stress, 
and the area on which this stress is acting is called the principal 
area at a given point. 
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The stress referred to the surface element dw with normal n in 
the undeformed state is called the engineering stress, and the stress 
referred to the surface element dw’ with normal n’ in the deformed 
state is called the true stress. 

Suppose that the stress vector T, characterizes the action of a body 
A on a body B transmitted through a surface element of the section 
with normal n, and the stress T_, characterizes the action of the 
body B on the body A transmitted through the same surface element 
(Fig. 5). 

On the basis of Newton’s third law we have the equality 


T_.= —T ny: (2.8) 


9. THE STRESS TENSOR 


We choose some point P in a body and draw, through it, the co- 
ordinate lines of an arbitrary curvilinear system of co-ordinates x* 

Consider, at the point P, a tetrahedron imagined to be isolated 
from the undeformed body by three 
co-ordinate surfaces defined by the cova- 
riant base vectors e, and a surface the 
outward normal to which is a certain 
direction n (n is the unit vector) passing 
through the same point P (Fig. 6). 

Consider the motion of the tetrahed- 
ron. Denote by do, dws, dws, and da, 
respectively, the surface areas CPB, 
APC, APB, and ABC. These surfaces, 
whose normals are, respectively, the 
vectors of the reciprocal base e* and the 
unit normal n, are acted on by the for- 
ces —T’, dw, (k = 1, 2, 3) and T, do, Fig. 6 
where T, and T, are the stress vectors 
on the co-ordinate areas with normals e* and n. Besides, the volume 
force of the isolated element is p (F — W) dt (here W is the 
acceleration, p is the density of the material of the undeformed 
medium). 

On the basis of D’Alembert’s principle the equation of motion of 
the tetrahedron as a rigid body is of the form 


T,d0o—T,do,—p(F — W) dt=0. (2.9) 


Here the index k in the second term is summed from 1 to 3. Since the 
sum of the vectors of the areas for the tetrahedron is zero, we have 





ndo= os eè. (2.10) 
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Noting that e*-e* = g** and n = n,e? (n, are the covariant com- 
ponents of the unit vector), instead of (2.10) we have 

dO, 
Van 


k 


n, doe = e}, 


from which 
do, = V git n, dO. 
Substituting this in (2.9), we obtain 
hh d 
T,—T,V g*n,—p (F —W) = . 


Let the distance from the point P to the surface ABC tend to zero 
while the direction n is kept constant. Taking into account that 


a — 0, from the last equation we find 


do 
Tp =V oT anne (2.11) 


The stress vector Tẹ, may be represented by three components 
referred to the vectors of the covariant base em, i.e., 


V oT, =0'"en. (2.12) 
Substituting (2.12) in (2.11), we obtain 
T =O", em. (2.13) 


Noting that T, = T™e,,, where T™ are the contravariant compo- 
nents of the stress vector, we find 


T”? = "np. (2.14) 


In (2.13) a double summation is carried out with respect to the 
indices k and m, and in (2.14) a single summation is carried out with 
respect to the index k. 

Formula (2.14) determines the contravariant components of the 
stress vector on the area specified by the normal n; hence, we con- 
clude from the quotient law of tensors that the o*” constitute the 
contravariant components of a tensor of rank two. The tensor o*” 
is called the contravariant stress tensor. 


10. EQUATIONS OF MOTION AND EQUILIBRIUM IN TERMS 
OF THE COMPONENTS OF THE STRESS TENSOR 


It is known that in order to set up the equations of motion of an 
absolutely rigid body it is necessary and sufficient to equate to zero 
the resultant vector and the resultant moment of the external 
forces acting on it and the inertia forces. 


10. Equations of Motion and Equilibrium 45 


In order to set up the equations of motion of a deformable body 
it is necessary and sufficient to equate to zero the resultant vector 
and the resultant moment of the external and inertia forces applied 
to each part of the body that can be imagined to be isolated from it. 

Equating the resultant vector and the resultant moment of the 
forces mentioned above to zero imposes certain conditions (which 
we proceed to derive) on the variation of the components of the 
stress tensor in passing from one to another point of the body In the 
following discussion it will be assumed that the components of the 
stress tensor are continuous and have continuous partial derivatives 
at all points of the body. Imagine that an arbitrary volume t bound- 
ed by a reasonably smooth surface œ is cut out inside the body. 
The resultant vector and the resultant moment of the volume forces 
pF dt acting on a volume element dt isolated from the volume t, 
the inertia forces — pWdt applied to this volume in the case of dy- 
namic loading, and the surface forces T, dw acting on the element 
dw must be equal to zero, i.e., 


| o(@—w)ar+ | 7,do—0, (2.45) 
| (r xp E — W) d+ | (r x T) dom, (2.16) 


Since the component of the force p (F — W) dt in the direction of 
the unit vector v is equal to vp (F — W) dt and the component of the 
force Tp dw in the same direction is equal to v Ta dw, instead of (2.15) 
we may write 


f p (F™—W") vm daf Tyn do =0. (2.17) 
T @ 


Taking into account (2.14) and the Gauss-Ostrogradsky formula 
(1.94), the surface integral in (2.17) may be put into the form 


f Ty, do = f (0w m) n do = { ("v n) » dT = f fym dr*, (2.18) 
T 


a o 


Substituting this in (2.17), we obtain 
| E EW) Ho) vm dt =0. 


T 


T 


From this, because of the continuity of the integrand and the arbi- 
trariness of the vector vm and the volume r, it follows that the inte- 


* For a parallel vector field in the region vm 


OVm B 
y = Me =0. 
m, k zk Prvp=0 
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grand must vanish at each point of the body 
on + pF™ = pW", (2.19) 


If the body is in equilibrium, the acceleration of the element dt 
is zero and the equation takes the form 


oe" + oF™ = 0, (2.20) 


Here’ of is the covariant derivative of the stress tensor o*”: the 
index k is summed from 1 to 3. 

Equations (2.19) and (2.20) connecting the variation-of the com: 
ponents of the stress tensor with the mass forces at any point inside 
the body are termed, respectively, the equations of motion and the 
equations of equilibrium of a deformable body in contravariant 
form. These equations, which involve nine components of the stress 
tensor, are non-homogeneous partial differential equations of the 
first order. In the absence of body forces these equations become 
homogeneous. 

Since the component of the moment r xp (F — W) dt in the 
direction of the unit vector v is equal to v.r xp (F—W)dt, 
the component.of the moment r x T, dw in the same direction is 
equal to v-r x T, dw, and the radius vector r of the point may be 
represented as r = lej, instead of (2.16) we write, using formu- 
la (1.97), . 


f exjnp (F* — W') Pv" dr + f EijnTalv* do =0. (2.20) 
T @ 


Taking into account formula (2.13) and the Gauss-Ostrogradsky for- 
mula (1.94), the surface integral in Eq. (2.20’) may be put into the 
form 


f Eijl vonn do = j (Eiliv) m di. 
@ T 


Since E€;ijr, m = 0* and vin = 0, Eq. (2.20’) is written as 


j eijav" [p (Fi — W5) P+ (0™t) m] dt =0. 
T 
Since om + pF'= pW’, it follows that 
| eivi de = 0, 
T 


* Since £;jp is a constant in a Cartesian system of co-ordinates, it follows 
that £ijk,m = 0 in this co-ordinate system, and this is also true for every other 


co-ordinate system. 


11. Surface Conditions a -4r 


By virtue of the formula I% = 8%", the arbitrariness of the volume t,. 
and the continuity of the’ “ihtegrand we have 


eino’? =0. 
Noting that ¢;;, = —e€ji,, the. last relation may be represented as 


F Eigh (0—0) yt = 0. 


By expanding this expression, we have 
(03 — 0?) yl + (03! — o”) y? + (0'2 — 0o”) v? = 0. 
Since the direction v is arbitrary, we i that > 
o?™ == o™ = (22) 


The sramno of the stress tensor is. this proved. Consequently, 
the stress tensor defining the state of stress at a given point is deter- 
mined by six independent components. 


11. SURFACE CONDITIONS 


In the preceding section it has been stated that the necessary and’ 
sufficient condition for the equilibrium of a deformable body is that. 
of zero resultant vector and zero resultant moment of the forces ap- 
plied to each part of the body that can be imagined to be isolated from. 
it. This must also be true for parts of the body having a surface- 
coinciding with the body surface. Assume that the components of 
the stress tensor are continuous up to the boundary. 

The conditions for the equilibrium of an infinitesimal tetrahedron. 
(see Fig. 6), when the surface ABC coincides with the surface of the- 
body, give a relationship between the stress tensor and the external 
forces. This relationship is of the form of (2.13) or (2.14), with the- 
difference that nm in these formulas is the outward normal to the 
surface of the body at a given point. These conditions are called the- 
surface or boundary conditions. 

Thus, from the necessary and sufficient condition of zero resultant 
vector and zero resultant moment of the forces applied to each part 
of the body, including parts of the body having a surface coinciding = 
with the body surface, it follows that six components of the stress 
tensor must satisfy, inside the body, three differential equations- 
(2.19) in the case of dynamic loading or (2.20) in the case of static- 
loading, and three surface conditions (2.14). 


* This formula follows from the relation 


gal ea 





al” a ðe ale 
— ex +l Aa (2 rg) e =1%e 
ari xd azi at ðzi gai TTB ) a=" 50a 
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It should be noted that six components of the stress tensor are 
not determined uniquely from the system of three differential equa- 
tions. Each solution of the infinite number of solutions of this 
system that satisfies three boundary conditions corresponds to some 
statically possible state of stress. 

Consequently, under the action of applied external forces there 
may be an infinite number of statically possible states of stress. 
Thus, the problem of finding the state of stress in a body is statical- 
ly indeterminate. 

Below (Chap. V) it will be shown how the actual state of stress 
can be determined from the infinite number of statically possible 
states of stress. 


12. EQUATIONS OF MOTION AND EQUILIBRIUM REFERRED 
TO A CARTESIAN CO-ORDINATE SYSTEM 


Let z, be the axes of a rectangular Cartesian co-ordinate system 
drawn through some point of a stressed body. The covariant and 
contravariant components of the stress vector and the stress tensor 
are then identical and, by formulas 
(4.55) and (1.56), equal to the physical 
components. Formulas (2.14) assume 
the form 


Tan = Oma?m (2.22) 


Here Thr are the components of the 

stress vector J, acting on a plane 

passing through the given point of the 

body, the outward normal to which 

makes angles (n, z„) with the co-ordi- 

nate axes; Om, are the components of 

Fig. 7 the affine orthogonal stress tensor, 

Opp (not to be summed) being the 

stresses normal to the co-ordinate planes; Om} (mk) are the 
shearing stresses. 

The symmetry of the stress tensor expresses the law of paired 
shearing stresses: at every point of a body the shearing stresses on 
two planes at right angles to each other are perpendicular to the 
line of intersection of the planes, equal in magnitude and directed 
either both towards the line of intersection or both away from it 
Fig. 7. 
ee the axes or, about the origin; we then have, by (1.13), 





Ori = Omk Arm%ik (2. 23) 


{@,m is the cosine of the angle between the z, and zm axes). 
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Noting that af, = 1, @,s&%is = 0 (r i), where the index s is 
summed, from (2.23) we obtain 


, 
Orr — Orr. 


Consequently, the sum of the normal stress components acting on 
three mutually perpendicular planes is independent of their orien- 
tation at the given point 

In a rectangular Cartesian co-ordinate system, owing to the fact 
that the Christoffel symbols vanish and the covariant components of 
the stress vector and the stress tensor are identical with the physical 
components, the equations of motion (2.19) and the equations of 
equilibrium (2.20) become, respectively, 


Lmh + oF, = PWr, (2.24) 

m 
Suk + oF, =0. (2.25) 

tm 
These equations may also be written as follows: in the case of motion 
div Th + pEr E ow, (2.26) 

and in the case of equilibrium 

div Th + pF, = 0. (2.27) 


Here Th = i,0;, is the stress vector on the co-ordinate plane x, = 
= constant. 


13. EQUATIONS OF MOTION AND EQUILIBRIUM REFERRED 
TO CYLINDRICAL AND SPHERICAL CO-ORDINATES 


It is often found convenient to use the equations of motion and 
equilibrium in a cylindrical and a spherical co-ordinate system. 


x3 


% 





The physical projections of the force pF and the acceleration W 
in a cylindtical co-ordinate system are denoted, respectively, by 
pF, pF», pfs and W,, Wo, Ws, and the physical projections of 
the stress tensor in the same co-ordinate system are denoted by 
Orrs Cog O33, Orgs 073, os (Fig. 8). 
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By using formulas (1.49) and (1.50), and taking into account that 


the components of the covariant metric tensor in a cylindrical co-or- 
dinate system are 


Gi = At =1, ga =H =r’, gas = H3 =1, gia = Bes = un =O, 
we have 


pF! = pF,, prt po, pE = pF 3, o!!=0,,, 02= + Orgs 
o=o, C= + ogg, o= yp, O03. (2.28) 


By (1.84), 
ot, =A + To ao, (2.29) 


from which, when k = 1, and from (2.28) we have 


dor j 
Oy = EE E A OE t(D +e +P) OF + 
+130" Tjo? + T3097. 








By using (1.64), we find 
Tu =T= Ta =ru = TaT} =T= 0, 


1 
T=, Tu= r: 


Then 








mi oe. 1 ôro O0sr Orr — Sop 
Ce tF op + ZA + r 


Substituting this equality in (2.19), we obtain the first equation of 
motion 
Or 


a0, —9, 
on pO ae pF =pW,. (2.30) 








The other two equations of motion are derived in a similar way 


ôro 1 Oyy Oys ae 


er T +pFo=pWa 








or r dag 


ô 
ars +H- = + a + 52+ pF y= pW. 

















The physical eae of the volume force and the acceleration 
in a spherical co-ordinate system are denoted, respectively, by 
pF, pF 9, pFy and W,, Wy, Wy, and the physical projections of the 
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Fig. 9 


gss = Hi =r, go = Hi = r° sin?y, gia = gas = Eg = 9. Tak- 
ing into account these relations, from formulas (1.49) and (1.50) 
we find 


pF'=pF,, pFe=— t pF, pF? =— pFy, 


r sin p 


W, 
Wi=W,, W=, W= Wy, 


rsin ’ 
o!!=0,, a o®— 1g 
’ r= sin?p P r2? bye 


4 


1 
r sin p Oro, r? gin p Coy» 
From (2.19), (1.64), and (1.84) we obtain the equations of motion 
4 Oro 4 dry 
rsinp ô ne ap 


+ +. (207, + Ory cot t)— Cog — Op) + PF, = PW,y. 


Orr 


a t 





ôOry 1 Opp 1 Woy 


` Or rsiny dQ r ap + 
+ + [30pry + (Oyy — Oyy) cot p] + pF y = pW, (2.34) 


80 py 4 Ogy 1 Woy 


A e ee 
+E (30r + 20% cot Y) + pFy = pWe- 
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Setting W.,=W,=W,=0 and W,=W,=Wy=0 in 
Eqs. (2.30) and (2. 31), v we obtain the equations of equilibrium i in terms 
of the components of the stress tensor, respectively, in a cylindrical 
and a spherical co-ordinate system. 


14, DETERMINATION OF THE PRINCIPAL NORMAL STRESSES 


Take a rectangular Cartesian co-ordinate system ox,. The direc- 
tion defined by the unit vector n with components n, = cos (n, £a) 
is called the principal direction of the symmetric stress tensor 0,» if 
the vector o,,7”, is parallel to the vector n, i.e., 

Opn, = Ony 
where o is a scalar. 

The last relation is written as 


(Ork — OÔ,p) Ng = 0. (2.32) 


Equalities (2.32) in ną represent a linear homogeneous system of 
three equations. The condition for the existence of non-zero solutions 
is that the determinant of the coefficients of this system should be 


zero: 
| orr — 08,, | = 0. (2.33) 


Let us now prove that all of its roots are real; denote them by 
o; (l = 1, 2, 3). Suppose the contrary: let o, = æ, + if; and the 
corresponding values ną = Pp + ign; substitute this in (2.32). On 
comparing the real and imaginary parts, we obtain 


(Orn — 01572) Pr + BiÔrkI = 0, 
(Orn — &8;n) qa — BiÔrrPr = 0. 
Multiply the first equality by q, and the second by p,, and sum r 


from 1 to 3. By subtracting one result from the other, and taking 
into account the symmetry of o,,, 5,,, we obtain 


Bi (ÖrkPrPr + rrara) = 0. (2.34) 
Noting that Pr, qn are not all zero and each term within the paren- 
theses in (2.34) is positive, we come to the conclusion that $; = 0. 
Consequently, the roots of Eq. (2.33) are always real and the corres- 
ponding values n}, being the solutions of the system of linear equa- 
tions with real coefficients (2.32), are also real. The quantities oare 
called the principal components of the stress tensor, and nk are their 


direction cosines. 
Suppose that oz, Op are two distinct roots, and ni, n? are the cor- 


responding values of n,; from (2.32) we then find 
(Orr — OiÔkr) ni = 0, (2.35) 
(Orr = Opôkr) np = 0. (2.36) 
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Here the indices J and p are not summed. If (2.35) is multiplied by 
nf and (2.36) by n}, then, by subtracting one result from the other, 
and taking into account the symmetry of Op, and Ôr, we obtain 


(0; oa Op) ôrnini = 0. 


Since o, Æ Op, it follows that 
nin} =0, 

Thus, in this case the principal directions of the stress tensor are 
orthogonal and are uniquely determined. If Eq. (2.33) has two equal 
roots, say 0, = Oz, the direction në corresponding to the third prin- 
cipal direction is perpendicular to the plane n*, n?. 

Consequently, any two mutually orthogonal directions lying in a 
plane perpendicular to nè may be taken as the corresponding prin- 
cipal directions. If, finally, all three principal stresses are equal, 
then any orthogonal directions may be taken as the principal dire- 
ctions. 

The cubic equation (2.33) is now written as 

oœ — J,o7 + ILo —I, = 0. (2.37) 


According to the property of the roots of a cubic equation, the 
relations between the roots and the coefficients are as follows: 


I, = 6, + 0, + 63, 




















0, 0 o, 0 o, 0 
L= 0 o 0 o 0 o = 0402 + 0403 +0203, 
o 0 0 
I=| 0 o 0 |= 01003. 
0 0 o 
Take a matrix C in the form 
C = lieil = |106; — oll. 


The determinant of this matrix represents the left-hand side o 
Eq. (2.33) written in an arbitrary curvilinear co-ordinate system a, 
_ Consider continuous one-to-one transformations of co-ordinates 
z* = q? (zr, x?, 23). According to the transformation of mixed ten- 
sors (1.12) we have 





i -p 029 dat 
Cj = Cq ——=— o 
Ox) xP 
Introduce the notation 
axa i i 
cial ey Aa = bp; 





axi J” ap 
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then 

C=l[e5 l= legba |= leh Ilb ll a$ || = BOB. 
From_this we conclude that the determinants of the matrices C 
and C are equal. Thus, the equation 


jo8; —95| =0 (2.38) 


is invariant with respect to the choice of co-ordinate system and its 
roots always determine the principal components of the stress ten- 
sor. Consequently, the coefficients of Eq. (2.37) are invariants under 
a transformation of co-ordinates since they are completely deter- 
mined by the roots, i.e., by the principal values of the stress tensor. 
By expanding (2.38), we obtain formulas for the invariants 


I, = 04 +03 +03 = 00, 
I = z 1 Gy 9, a B 
2 = 010g +0203 + 0304 =-> [(0a)?— 080a], 
Iz= 04003 = | 08]. 


If the co-ordinate axes are taken coincident with the principal 
directions of the stress tensor, the components Op, (k = r) vanish 
in this co-ordinate system; the only non-zero stresses are the normal 
stresses 0, acting on these planes. 


CHAPTER III 


Theory of strain 


15. THE FINITE STRAIN TENSOR 


Consider a continuous medium S in which a curvilinear co-ordi- 
nate system z" (r = 1, 2, 3) is chosen. If a set of some functions of 
position determines the extension of any infinitesimal straight mate- 
rial segment passing through a given point, it is said that these 
functions determine the deformation of the neighbourhood of this 
point. 

Let the co-ordinate lines chosen in the medium in its initial con- 
figuration be composed of material particles of the same medium. 
Suppose that during the deformation the co-ordinate lines continue 
to be made up of the same material particles. As a result of the de- 
formation, the given co-ordinate system Pz!z?z? with covariant 
base vectors e}, being continually distorted together with the medi- 
um, assumes a certain position in one of the subsequent configura- 


tions Sy The configuration S may be taken as a new co-ordinate sy- 


stem Pzx'z%z3 with base vectors e,. The reference system in which 


the displacement is determined is taken to be a co-ordinate system 
oxyryr, With base vectors ef (Fig. 10). The system oziz2z° may be 


chosen at will, and of the co-ordinate systems z” and x” only one 
may be chosen arbitrarily, i.e., if the system z” is chosen, the system 


a" is determined by the deformation, and vice versa. 
According to formula (1.27), for the squares of line elements of 


the configurations S and S we have, respectively, 

ds? = g, da” da, ds? = gnp dz" dah. (3.4) 
Here Enh» Zak are the covariant metric tensors in S and S, respec- 
tively; dz” are the components of the infinitesimal vector PQ defining 


the position of the point Q relative to the point P, and dz” are the 


components of the vector PO (see Fig. 10) which, by virtue of con- 
tinuity, is infinitesimal. 
The state of strain in a body is determined by the difference 


ds?— ds? = g,, dx" dz" —g,,, dx" dz”. 
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On the basis of (1.6) this difference may be put into the form 
ds? — ds? = 2e,, dz" da”, (3.2) 
where 
4 — 
Enk =y (nk — Enr) (3.3) 
with 


~o zi zm 
Enh = bim gar 5a (8.4) 


It is seen from (3.2) that €n} are the components of a symmetric cova- 
riant tensor of rank two, which is called the strain tensor. If all enp 





Fig. 10 


are zero for all points, then ds = ds and the body undergoes no. de- 
formation. The extension of a line element ds, along the co-ordinate 
line z” is, by definition, 


dsn — dsn (3.5) 


Cn = dsn . 


According to formulas (1.40) 
ds,=V gandx", dsn =V gnn dz”. (3.6) 
Substituting (3.6) in (3.5), we obtain 


_ dsp —dsp, V fmt 
en = — E 


dsp, Enn 
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From this, using (3.3), we find 
_ 2enn ee 
e= 1 +m, (3.7) 


Here the index n is not summed; the root is taken with the plus 
sign since the extension is zero when €n = 0 

The cosine of the angle On} between two line elements ds, and dsp, 
which were directed along the co-ordinate lines x” and z? before 
deformation, is determined, according to formulas (41.54), (1.6), 
and (3.6), by the formula 


~ Oat axis 





i steals jis dx” dxk 
a Enk ax” dzk Eil gan ork 
cos Onk = 2h = msssls F 
dsn dsp V Enngnh da” dah 


By (3.4), this formula may be put into the form 
Enh 


cos Onn = — 
y 8nn&8kk 





After determining g,, from (3.3) and substituting in the last for- 
mula, we find 


Enk + Enk 3.8 
V (Enn F Enn) (Erk -+2€np) i ( ) 


Formulas (3.7) and (3.8) show that the six components of the strain 
tensor defined by formulas (3.3) enable one to calculate completely 
the extensions along the co-ordinate lines, issuing from some point 
of a body, and the angle between two line elements after deformation, 
which were directed along the co-ordinate lines x* before deforma- 
tion. Since the angle between the co-ordinate lines before deforma- 
tion is known, the change in this angle can thus be determined. 

Let us now express the components of the strain tensor @,, in 
terms of the components of the displacement vector u. It is seen 
from Fig. 10 that 


cos Ông = 





r=r+u. (3.9) 
Let en, €n be the respective base vectors; hence, by (1.26), 
or = or 
Crh R > Cg= Portes (3.10) 


It follows from the vector equation (3.9) that 


or ôr , Ou 


oxk oxk a oxk 











e 
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Substituting (3.10) in the last relations, we have 


— ôm 
mM grk 





=e, + Z., (3.11) 


Since for the configurations S and S, respectively, 
Enk = Cn'Crs Enk = Cn'Cks 


on the basis of the rules for scalar multiplication and formulas (3.4), 
(3.114) we find 


— ðu ðu 
En = (entz) (tE) 
0 ô 0 ô 
= Enr ten + Cpt my . 842 


Substituting (8.12) in (3.3), we obtain 





1 ðu ðu ðu ðu 
ey (entr tee gant Gee oa) (3.13) 


Referred to the z% co-ordinate system, the vector u is represented as 
U=U%eg, UW=Uge*. (3.14) 


Here the index a is summed. Taking into account (1.57), (4.79), 
(4.65), and (1.80), we find 





ðu ðu 
aan T Um Cas Gak = Ua, ne%, (3.15) 


where u%, Ua, p are, the covariant derivatives, respectively, of the 
contravariant and covariant vectors, equal to 


a au oO om GUZA m 416 
=n nm” s3 Q, k =T 4 ak Ume. : 
Um, = Zan tT nm Ua, h= k Toru (3.16) 


It should be noted that here the Christoffel symbols must be calcu- 
lated from the metric tensors for the configuration S. 
Substituting (3.15) in (3.13), we have, finally, 


Enk = + (Unir F Urin + Yas num)» (3.17) 


By formulas (3.17), the components of the strain tensor are calculat- 
ed through the covariant derivatives of the covariant and contra- 
variant components of the displacement vector u in the system of 
the directions of the base vectors e% and eg. 
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16. THE SMALL STRAIN TENSOR 


If the strains (extensions and shears) and the angles of rotation 
are small compared with unity and have the same order of smallness 
{as is the case in considering the deformation of bodies whose all 
dimensions are comparable in magnitude), the non-linear terms in 
the general formula (3.17) can be rejected as small quantities. In 
this case the strain tensor is called the small strain tensor and deno- 
ted by eng. Consequently, 


enn => (Un, hF Un, n). (3.48) 


The materials used in engineering, with the exception of rubber, 
some plastics and others, retain elasticity only at very small exten- 
sions and shears. This points clearly to the practical importance of 
the small strain tensor. 


Let Q be a point close to the point P, and Q its position after dis- 
placement. In Fig. 10 PP = u and QQ = u, represent the displace- 
ments of the points P and Q, respectively. 

By expanding wu, at the point P, and neglecting small quantities 
of higher order in dz” (dx” are the contravariant components of the 
vector PQ), we have 

u, (Q) =u (P) + EE) da” =u (P) + 


m 





ô 
zam (U*er) da". 


From the last relation we find the displacement du of the point Q 
relative to the point P: 
du = uk ner da” 
Substituting du = du,e*, and multiplying scalarly both sides of 
the above equality by €m, we obtain 
du, = Up, naz", (3.19) 


where ur, n is the covariant derivative at the point P 
Introducing the notation 


Ern = + (Un, nt Un, k)» 
(3.20) 


1 
Onn = ZT (Up, n—Un, k)» 
instead of (3.19) we have 


dup = (ern + Opn) da” 


We conclude from formula (3.20) that ©xn is an antisymmetric ten- 
sor called the rotation tensor. The displacement of the type epndz” 
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results from the deformation of the neighbourhood of the point P, 
while the displacement of the type ,,dz" results from the rotation 
of the neighbourhood of the point P as an absolutely rigid body 
about this point. 


17. STRAIN COMPATIBILITY EQUATIONS 


As is clear from (3.17) or (3.18), the components of the strain ten- 
sor are not independent, they must satisfy some conditions. These 
conditions can be obtained on the assumption that the body in the 
undeformed configuration is in Euclidean space and continues to 
remain in it during deformation. As is known, the necessary and 
sufficient condition for this is that the Riemann-Christoffel tensor 
should be equal to zero for both the undeformed state S and the 


deformed state S, i.e., 
Rmnpa = 9, Rupa = 0 (3.24) 


or 
Rinnpq =—= Rmnpa = 0. 


Substituting the expressions for the components of the Riemann- 
Christoffel tensor (1.87) in (3.21), we obtain 

ag arg. arg, ag, pita | ae! 
4 ( &mq Enp Emp Enq +g” Tap! me 


2 \ Orr dcp ' O2™ Gxt Ax" O29 ™ BaP 


2 





T T 1 gmg Enp Emp Eng 
Ti nalim) ( dx OxP | örmôrı Ax rı — ĝr™M GaP )— 

— g” (Li, npl jma — Ti, nal jmp =0. (8.22) 
By using (3.3), and taking into account the fact that the Riemann- 
Christoffel tensor has only six independent components, Rizı2, 
Risis, Roses, Ries, R2123: Raise, from (3.22) we obtain six indepen- 
dent equations 


mq Pen Peng emp r ops r ps 
Ox” AxP Ox™ 929 — rM GaP Gx” BAI — 28r5 (Val pn — T mpl'gn) + 
+ 20 ip8mer + 20 Gmen pr — 20 nq&mpr — 20 mpEngr = 0; (3.23) 
where 





_ 1 ¢ ®pr Ern Enp 
en =F (Gat e ae) 


mnpq: 1212, 1313, 2323, 1243, 24123, 3132. 


These equations indicate that the components of the strain tensor 
Enp are dependent. The equations that must be satisfied by the com- 
ponents of the strain tensor £n, are the necessary and sufficient con- 
ditions for the configurations S and S to belong to the Euclidean 
space. 
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18. THE STRAIN TENSOR REFERRED TO A CARTESIAN 
CO-ORDINATE SYSTEM 


In a Cartesian co-ordinate system the covariant and contravariant 
vectors are identical; the covariant derivatives are also identical 
with the ordinary derivatives since in this case the metric tensor is 
constant and the Christoffel symbols are therefore equal to zero. 

Thus, according to (3.17), the components of the finite strain ten- 
sor in a Cartesian co-ordinate system zx, are determined by the for- 
mulas 


_ 1 [ dun oun OUg Ua 
Ent = > ( orp gee Orn + OtR Tn ) : (3.24) 











Remembering that in the case of an orthogonal Cartesian co-ordi- 
nate system g,, = 1 and gnp = 0, formulas (3.7) and (3.8) become 


a oo a 2Ekn 
V1-F2enn—1, cos On, Vie a (3.25) 
These formulas are used to calculate the extensions of line ele- 
ments issuing from some point of a medium parallel to the axes of a 
rectangular Cartesian co-ordinate system, and the angles between 
these line elements after deformation. 
According to (3.17) or (3.24), the small strain components in a 
rectangular Cartesian co-ordinate system z, are 


4 / du Ou, 
em = 5 (gta): (3.26) 


If small strains are considered, from (3.25) we have 


en=1 +5 enn) eee -1 en, 


cos Onn = 2Epn { 1— $ 2 (Enn + Err H2EnnErk) +... \ = 2enn. 


Thus, it follows from e, = én, that e,, are the extensions of line 
elements which were parallel to the corresponding axes of the rec- 
tangular Cartesian co-ordinate system before deformation. The 
quantities 2e,,, are the cosines of the angles formed after deformation 
between two line elements which were parallel to the co-ordinate 
axes before deformation. 

We have 


cos Onn = cos [90° — (Yan + Ynr)l = sin (Pnr + Yan) = Yan + Ynr- 

Here xn is the angle of rotation towards the axis oz, of a line ele- 
ment parallel to the axis ox, and equal to oun; Ynr is the angle of 
rotation towards the axis oz, of a line element parallel to the axis 
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0x, and equal to = (Fig. 11). Hence, 2e,, is the change in the angle 


between two line elements parallel to the axes oz, and ozp (k =Æ n). 
In a Cartesian co-ordinate system the components of the rotation 
tensor are 





wc, 1 ðuk OUn 
Onn = > (- Orn ). (3.27) 
Rotate the axes oz, of a rectangular Cartesian co-ordinate system; 
the new axes are denoted by oz}. Noting that e,, is a tensor, on the 
basis of (1.13) we have ehn = @mr&mn&pn, from which eh, = ehk, 
i.e., the sum of the extensions in 
three mutually orthogonal directions 
issuing from the same point of a body 
is independent of their orientation at 
the given point. 


Xk 


19. COMPONENTS OF THE SMALL 
STRAIN AND ROTATION TENSORS 
REFERRED TO CYLINDRICAL 
AND SPHERICAL CO-ORDINATES 


dXk 





ay The physical projections of the 
: displacement vector w in a cylindrical 
Fig. 11 co-ordinate system (r, p, £3) are denot- 


ed by U, Ug, Ug and the physical 
components of the strain tensor by e,r, Cop» €33, Erps qs» Esr- 
By \using {formulas (1.49) and (1.50), we find 


Uy = Up Ug = TU g Ug = Us, 

— — 72 = 
C11 = rps Cag = legs ess = &3s, (3.28) 
lig = Teros C33 = Tegsy e31 = Cay 


According to (3.20) and (3.28), for the six independent components 
of the small strain tensor and the rotation tensor we have 














ôu 4 dug u. 
err = ae Cw Fag tr E33 = 3, ? 
4/14 dup , Up Ug 
ero= 5 (F op +; —+): (3.29) 
47% 1 dus.) 
eos = 5 (Gee r ap}? 


er = 5 ( ôr + a) ; 


4 ô Ou, 
@r9= 09 = Fe (Ge (Me) — a)’ 
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_ _ Af aus dup 

Os = Or = 5 (Fer FEA i (3.30) 
ey (eka E 

Osr = Op = 9 (= ôr J 


In formulas (3.30) use has been made of the following abbreviated 
notation: O,9 = O3, Wg3 = Or Ogr = Wy 

Suppose that u = 0, and u, and u, are independent of the zg 
co-ordinate; from formulas (3.29) and (3.30) we find 





Ou, 4 dug Up 
er= z> =F Gp tps 
_ 171 ôu dup Up 
en=3 (F ap +="), (3.31) 





4 ð Ou, 
Org = o= (E (rue) — ) : 


These formulas defne the three components of the strain tensor in 
the case of so-called plane strain with respect to the rọ plane in 
polar co-ordinates. 

The physical components of the displacement vector u in a sphe- 
rical co-ordinate system (r, p, p) are denoted by u,, Ug, Uy, and the 
physical components of the strain tensor in the same co-ordinate 
system by epr Eggs Epp» Erps Egs Ere According to formulas (1.49) 
and (1.50) we have 


Uy = Uy, Ug =TUgs Ug =F SiN ply, 
C41 = pr, eaa = Taye e33 = T? sin? peyy, (3.32) 


Cig =Tepp, Ess =F? SiN Pegy, C31 =T SİN ey. 


Substituting (3.32) in (3.20), we find 


(3.33) 





1 1 ôu ðup 1 
en =5 (Fas T4 or —= w), 


_ 1/1 îi 1 14  ĝuy 
ew= 3 (F a rag e Hry ae) 
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ee a A ‘A ôu), 
eor=z ( or Fug +> op Se) 3 
4 dup ð ; 
Opp = Or = 2r sin p ( P — Fp (uo siny)), 
1 / du ð 
oy = 09 = Ze (FET Gr (w), (3.34) 
— T: 1 ô 5 ður 
on = 09 = iry (GF (PH sinp) — ag ). 


20. PRINCIPAL EXTENSIONS 


By analogy with the theory of stress, the principal directions of 
the strain tensor in a rectangular Cartesian co-ordinate system are 
defined as the directions for which the following conditions are 
fulfilled: 


EknAn = EAR. (3.35) 
K . . 2 2 a 
Here e is a scalar, a, are the direction cosines of the unit vector v. 


By using the Kronecker symbols, the system of equations (3.35) 
is written as 


(Ern — Sant) An = 0. (3.36) 
Since the cosines cannot all be zero simultaneously, we have 
| Ean — Sant | = 0. (3.37) 


The principal values of the strain tensor, which are called the prin- 
cipal extensions, are the roots of the cubic equation (3.37). The di- 
rections corresponding to the principal extensions &,, €, &3 are 
mutually perpendicular. When two of the roots are equal, the direc- 
tions corresponding to these roots lie in a plane perpendicular to 
the direction corresponding to the simple root; in this case any mu- 
tually orthogonal directions lying in this plane may be taken as 
principal. If all three roots are equal, then any perpendicu- 
lar directions may be taken as principal. 
The cubic equation (3.37) is written in the form 


eè — he? + I,e —I, = 0. 


According to the property of the roots of a cubic equation, the rela- 
tions between the roots and the coefficients are as follows: 


I, = & + & + £s 
I, = E182 + E183 + E382» 
I; = & 8&3. 
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By analogy with the theory of stress, J,, la, J; are invariants. Thus, 
I, = 8, +E + &3 = e%, 
Ty = e425 + e489 + E283 = -7 [(0%)®— 28 8], 
Tz = €4£2€3 = | €8 |. 


The first invariant of the strain tensor in the case of small strains 
represents the unit change of volume. Indeed, take the principal axes 
of the strain tensor at a point P of the medium. Construct on these 
axes a parallelepiped having edges equal to dz, before deformation. 
After deformation the parallelepiped under consideration, remain- 
ing rectangular, will have edges (1 + e,) dz. The volume of the 
parallelepiped before deformation is dt = dz,dz,dz3, after defor- 
mation 


dt, = (1 + e) (1 + e) (1 + es) dxdz.dr, = 
= (1 + e)(1 + ea) (1 + e3) dt. 
Rejecting small quantities of higher order, we have 
dt, = (1 +e, + e + e3) dt. 


Denoting the unit change of volume at the point P, or the volume 
strain, by 0, we obtain 


dt,—dt 
o= =e ten tes. 


Remembering that J, = e, + €, + es = ey, + e23 + 33, for the 
volume strain we obtain 
Ou. ou Ou x 
O= =en + Coat ss g Ha t Gz, TY t, (3.38) 
i.e., 0 = J, is the volume strain at the point P. 

If the co-ordinate axes are taken coincident with the principal 
directions of the strain tensor, the components ep, (k =r) vanish 
in this co-ordinate system, and only extensions e, acting on these 
planes will remain. 


21. STRAIN COMPATIBILITY EQUATIONS IN SOME 
CO-ORDINATE SYSTEMS (SAINT VENANT’S CONDITIONS) 


In view of the fact that in the case of a Cartesian co-ordinate sys- 
tem the Christoffel symbols are identically zero, the compatibility 
equations (3.23) in this system assume the form 


Pemg @enp Pen Oem 
ee 9, (3.39) 
Tn OLp Lm Tg OLm OL p Orn Lg 


where mnpq: 1212, 1313, 2323, 1213, 2123, 3132. 
5—0884 
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The compatibility equations in a Cartesian co-ordinate system 
were obtained by Saint Venant for small strains directly by elimi- 
nating the displacement components from formulas (3.26). 

If Saint Venant’s conditions are fulfilled for an arbitrary tensor 
eij, a displacement field can be found for which e;; is the strain ten- 
sor. In the case of a simply connected body the displacement is de- 
termined to within a rigid-body displacement, in the case of a mul- 
tiply connected body some additional conditions must be fulfilled. 

To obtain the strain compatibility equations in a cylindrical co- 
ordinate system, we take account of formulas (3.28) and (1.64) in 
Eqs. (3.23); after some computations we obtain 









































A Gerr ae 2 (72 Jeng ae) err _ 2 0? (reyr) —0 
r ôg? r ôr ðr or r “orép ? 
ð? err. Pegs we Pers 
Tər} + or? 2 Or Ox, =0, 
Pegg ess , 1 degs 2 0 des 
eet TT apt tr arr Ge, ee ters) =0 3.40 
Lee yaqa eda a A (2) <0 (3:40) 
r 09 0x3 7? Orét, orop \r jac 7 
Pale ô (e T aen) _ ers a 2 (regs) 0? (reyr) _0 
az, (TT og? rôp ôr ðp °~—C? 
; (Sl ey S- (= )-7- yet =0 
Og or r Ox? Or Ox r r OQ 0x5 ` 


22. DETERMINATION OF DISPLACEMENTS 
FROM THE COMPONENTS OF THE SMALL STRAIN TENSOR 


Formulas (3.26) are used to calculate the components of the small 
strain tensor when displacements Up (£1, Za, £3) are given in a rec- 
tangular Cartesian co-ordinate system. To calculate the latter when 
the components of the strain tensor e,n are given, it is necessary to 
solve the system of six first-order linear partial differential equations 
(3.26). For the system to be consistent, the given components epn 
must satisfy the so-called compatibility conditions, or the conditions 
for the integrability of this system. Assume that epn are given single- 
valued functions of x, having continuous second-order partial deri- 
vatives. 

If displacements u, are found from the given components of the 
strain tensor, by adding to them an arbitrary infinitesimal rigid- 
body displacement of the body as a whole, we obtain new displace- 
ments obviously also corresponding to the given components of 
the strain tensor since the rigid-body displacement has no effect on 
pure strain. Hence, for definiteness we may, for example, assign, in 
addition, the projections of the displacement vector of some point 
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of the body and the components of the rotation tensor at this point. 

The region of assignment of the components of the strain tensor, 
which are used to find the projections of the displacement vector in 
the same region (occupied by the body before deformation), is de- 
noted by t. Assume, for the present, that this region is simply con- 
nected. From (3.26) and (3.27) we have 


a Say eer ee (3.44) 


Let the components of displacement un and the components of the 
rotation tensor w,, be given at a point M°? (zi, x, £3). The compo- 
nents of displacement at a point M’ (xi, £}, x3) are, from (3.41), 
M’ 
up =uh + | (enn Onn) dan. (3.42) 
Me 
Here the integration is carried out along an arbitrary curve joining 
the points M° and M’ and lying entirely within the region T, zy 
are the current co-ordinates of a point of this curve; consequently, 





dz, = — d (tn — Tn) 
Substituting the last relation in (3.42) gives 
M’ M’ 
Up = Uk + j Cnn dEn a f Ornd (tn—Zp). 
Me Me 


By integrating the last integral by parts, we obtain 
M’ M’ 

unui + | Cnn ALn — Onn (za — <q) | + | (%n—2n) -5 te Am. (3.43) 
Me Me 








Here the index m is also summed. By (3.27), 
































dOnn _ 1 ô (se — Sn) = ô z(e OUm 
OX m 2 dtm \ Orn zp | O2n 2 \ tm t Oz, )- 
ô íi ( Buin 4 Om 
Oty 2 \ drm Orn ). 
By using (3.26), we find 
OOnn =, G) e 
zm rn *™” Irn enm: 


Substituting this in the lst integral of (3.43), we obtain, finally, 


Up = Up + Ohn (2n — sal [erm + (an — Zn) (Sa — Seni, Fat) | dem- 


Orn Or, 


(3.44) 


5* 
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By their physical meaning, u, must be independent of the path of 
integration M°M’; for this, in the case of a simply connected region 
it is necessary and sufficient that the integrand be the total diffe- 
rential at all points (x,, £2, 43) and for all values (xj, x3, z4) in the 
region t. These conditions lead to the following relations: 


0? ð? ð? 02 
emn Chr ehn emr 0, (3.45) 


Oxy Ox, | Lm ôn O&m OZ, Ox, Ot, 
where mkrn: 1212, 1313, 2323, 1213, 2123, 3132. 

Thus, relations (3.45) ensure the consistency of six differential 
equations (3.26) for the determination of three functions up. These 
equations are identical with Saint Venant’s compatibility condi- 
tions; hence, Saint Venant’s conditions also ensure the integrability 
of six differential equations (3.26). With Saint Venant’s conditions, 
formulas (3.44) determine u, whatever the shape of the curve of 
integration lying entirely within the region t. 

If the body is multiply connected, the integral in formula (3.44) 
can, in general, receive finite increments, in which case the 
uniqueness of displacements is not ensured, whereas they must be 
unique. By means of suitable imaginary cuts a multiply connected 
body can be transformed into a simply connected body; if Saint 
Venant’s strain compatibility conditions are fulfilled, the displace- 
ments u, determined by (3.44) will then be single-valued functions 
provided that the curve of integration nowhere crosses the lines of 
‘cuts. As the point M’approaches some point of the line of a cut from 
the left or right, u, will, in general, assume different values. It 
appears from the above that in the case of a multiply connected 
region the additional conditions for the compatibility of strains 
are (Uz)iert = (Ua)rignt along all lines of cuts. 

The most general tensor presentation of the theory of stress and 
‘strain for an arbitrary co-ordinate system is of particular value for 
finite deformations. The general equations and formulas derived 
above will enable us to develop them subsequently in appropriate 
co-ordinate system. 

In the following discussion we shall mostly use a rectangular 
Cartesian co-ordinate system. 





CHAPTER IV 


Stress-strain relations 


23, GENERALIZED HOOKE’S LAW 


The equations obtained in Chaps. II and III are not sufficient to 
determine the states of stress and strain produced in a body by ap- 
plied forces. These equations must therefore be supplemented by cer- 
tain relations connecting the states of stress and strain. These rela- 
tions are determined from the physical properties of a solid under- 
going deformation. The establishment of the stress-strain relation 
is an important problem of continuum mechanics requiring the 
carrying-out of preliminary experiments. This relation is usually 
idealized by simple mathematical formulas. 

During deformation, the removal of the external forces leads in 
some cases to complete recovery of a body to the natural state, i.e., 
the strain is recoverable, while in other cases the body, on remov- 
ing the load, retains the strains, called permanent or plastic strains, 
i.e., the strain is irrecoverable. The following discussion will be 
concerned with fully recoverable small strains. 

Assume that at each point of the body under consideration there 
is a one-to-one correspondence between the states of stress and strain. 

By expressing this analytically, we obtain six relations of the form 


o” =f} (eri), (4.1) 
which are uniquely solvable for the components of the strain tensor 
e = oY (or). (4.2) 


The undeformed state of an elastic body is taken to be a state 
in which there are no stresses. This state will be further used as the 
origin of stress and strain. Hence, the functions f” and also ọ} vanish 
when their arguments become zero: 

f? (0) = g (0) = 0. 
For many materials, relations (4.1) and (4.2) are linear if the magni- 
tudes of the stresses are confined to a certain range. 

The linear law for the relation between stress and strain is called 
the generalized Hooke’s law. The general form of writing Hooke’s 


law is as follows: se ; 
ot — Cidtly, | (4.3) 
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Interchange in turn the superscripts ijkl in (4.3) to jikl, ijlk, 
jilk; from the symmetry of the stress tensor and the strain tensor 
we reveal the symmetry of the quantities 

Cishl ikl — Çillk — CIR, (4.4) 
which form a tensor of rank four. The quantities Ci”*! are called the 
elastic coefficients of a body. The total number of different coeffi- 
cients C#*', as may be ascertained from (4.4), is 36. The elastic 
coefficients depend on the metric tensor g;; of the undeformed body 
and on its physical properties. Noting that 

E a 1 when a=m, 
Bm = Erme = 10 when asm, 


(4.3) is written as 
ot = CMe Same ging". 
According to the rule for scalar multiplication, City, Zin is a 
mixed tensor Cii,, and e,,g""g'" are the contravariant components 
of the small strain tensor. 
Thus, instead of (4.3) we have 

of = Che, (4.5) 
We write Hooke’s law (4.3) as oi = Cipe (Cijnr = Cjin = 
= Cijm = Cyim by virtue of the symmetry of o;; and e*') and 
make transformations similar to those applied above. We then 
obtain 

Oi; = Ce emn- (4.6) 


For the case of a prismatic rod loaded axially in tension Hooke’s 
law is written as 
e = Co, e&=C'o, 
where e and e’ are, respectively, the longitudinal and lateral strains, 
C and C’ are constants equal to 
1 r 
C= 7, C=— Fz. 


Here E is the longitudinal modulus of elasticity, v is Poisson’s ratio. 


24. WORK DONE BY EXTERNAL FORCES 


Let an elastic body be acted on by surface forces T, and volume 
forces pF. Suppose these forces are given increments d7’, and pdF, 
respectively. In consequence the displacement vector u changes to 
du. The work dV done by the forces Ta and p F during the additional 
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deformation of the body is 
dV = È pF, dur d+ f Tap dup do, 
i W 


T 


where t is the volume of the body and œ its surface. 
Noting that Tap = Ok, and transforming the surface integral 
into a volume integral, for dV we obtain 


dV = j oF, dup dt + f -Z (Onr dup) dt 
T T 


or 





dv = f (oF, + ous ) dup dt + j oi se (dm) dt 
T T 


In view of the fact that 








E+ pF x =0, gi (duty) = dF 
we have 
Ou, 
dV = j Ord SUE dr, (4.7) 


T 


In the integrand of (4.7) the indices k and r are to be summed. Be- 
cause of the symmetry of the stress tensor Op, we have 











Ou, Ou, Our \ __ 
Oprd On, =Oprd > = ( Op T zh ) = Opr depp. 


On the basis of the last relation we finally obtain for dV: 
dV = j On, denr dT. (4.8) 


T 


In statics this formula determines the work done by the external forces 
pF and T, during the increments of the components of the strain 
tensor produced by the change in the above forces; the work per unit 
volume is 


dA = Okrdehr- (4.9) 


25. STRESS TENSOR POTENTIAL 


According to W. Thomson’s idea, the first and second laws of 
thermodynamics are applicable to the study of the deformation proc- 
ess in a body. Suppose that the deformation process in a body is 
thermodynamically reversible; the state of the body is then uniquely 
determined by the thermodynamic variables. 
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If U, Q, A, S are, respectively, the internal energy, the quantity 
of heat, the work done by external forces, and the entropy per unit 
volume of the body, in the case of small strains we have, by the first 
and second laws of thermodynamics, 


dU =dQ+dA, dQ=Tds. (4.10) 


Here dU and dS are, respectively, the increments of internal energy 
and entropy representing the total differentials of the independent 
thermodynamic variables defining the state of the body, T is the 
absolute temperature. 

Eliminating the increment of heat dQ from (4.10), and using (4.9), 
we obtain the fundamental thermodynamic relation for the deforma- 
tion process in a body: 

dU = T dS + op,de,,. (4.11) 


We define an elastic body so that the specification of the strain 
tensor ep, and of one thermodynamic variable (temperature T or 
entropy S) will completely determine its state, i.e., the stress tensor 
Orr and the thermodynamic potentials U and F = U — TS (the lat- 
ter is termed the Helmholtz free energy). 

The independent variables determining the state of an elastic body 
are chosen as ep}, and the temperature T. The Helmholtz free energy 
is then a function of e}, and T only, i.e., 


F =F (epn T). (4.12) 
After determining U from 
F = U — TS, (4.13) 
and substituting it in (4.11), we find 
dF = Oprdepr — SdT. (4.14) 
On the other hand, from (4.12) we have 
dF = 2 deet dT: (4.15) 


On comparing the coefficients of like differentials in (4.14) and 
(4.15), we obtain 


OF OF 
Onr = Gee? S= —-F (4.16) 
Here 
Che = Cnn, Ehr = 2ehr (kr). 


The first relation of (4.16) shows that for the given choice of the inde- 
pendent thermodynamic variable the Helmholtz free energy is the 
stress tensor potential for an elastic body. If the independent thermo- 
dynamic variable is chosen to be the entropy, i.e., if we suppose that 
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the state of an elastic body is completely determined by specifying 
the strain tensor e,, and the entropy S, then U=U (e,,, S) and the- 
refore 


ðU ðU 
dU = y dear + oe a8. (4.17) 
On comparing (4.11) and (4.17), we obtain 
ðU ðU 
Chr = Gee rae (4.18) 


The first relation of (4.18) proves that the internal energy is the stress 
tensor potential. 

In the case of an adiabatic process, i.e., when dQ = 0, it follows 
from the first relation of (4.10) that dA is the total differential of 
the independent variables e;,, i.e., 


dA= 0A 
derr 





derr. 


On the other hand, by (4.9), we have 
dA = Orrderr, 
from which 
n (4.19) 


Okr => 
ef 


If an isothermal process (T = constant) takes place, by virtue of 
the second relation of (4.10) the increment of heat dQ, as well as dU, 
is the total differential. Consequently, we conclude from the first 
relation of (4.10) that dA is the total differential. Then 

aA 

Okr = EA 7 (4.20). 
As seen from (4.19) and (4.20), in the case of adiabatic and isother- 
mal quasi-static processes the work done by external forces is the 
stress tensor potential and it can be determined from the equality 

ðA 
Ben, derr- (4.21) 
If the body is linearly elastic, the quantities a are, according to 
r 

(4.6), linear and homogeneous in the components of the strain tensor 
ehr Hence, A is a second-degree homogeneous polynomial in epr. 
Consequently, by Euler’s theorem on homogeneous functions,we have 


ðA 
ehr kr EN: 2A. 


dA = Okr derr = 





This relation is known as Clapeyron’s formula. 
The independent variables determining the state of an elastic body 
are now taken to be the stress tensor o,, and the temperature T. 
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Introduce a new function 
J = U — TS — on;epr, : (4.22) 


which depends only on Op, and T; then 





oy oy 
dJ = ie dorr + op aT. (4.23) 
On the other hand, from (4.9), (4.44), and (4.22), we have 
dJ = — S dT — ey,do,,. (4.24) 
Comparison of (4.23) and (4.24) leads to the expressions 
ðJ : oy 
eae re (4.25) 


Thus, in the case when the independent variables are chosen as 
Orr and T, function (4.22) is the potential for the strain tensor of an 
elastic body. It can easily be shown that, in the independent variab- 
les o,, and T, the function 


Okrêkr — A (4.26) 


is the strain tensor potential for adiabatic and isothermal deforma- 
tion processes in a body. 
Formula (4.9) can be rearranged in the form 


dA = Ohrderr =d (Orrênr) = ekrdOkre 


From this, remembering that for adiabatic and isothermal defor- 
mation processes dA is the total differential, we have 


d (A —Oprepr) = — err App. 
Consequently, 
+ ___9 (Srrenr—A) 


Chr OOrr . 


Thus, the function Ok,€Rr — A is the strain tensor potential for adia- 
batic and isothermal processes. 

If the body is linearly elastic, by Clapeyron’s formula 6;,e,, = 
= 2A, and by (4.26) the strain tensor potential, called the elastic 
potential, is A. Consequently, 


ðA 
Okr * 





(4.27) 


* 
Che = 


These relations are known as Castigliano’s formulas and are valid 
for adiabatic and isothermal processes in linearly elastic bodies. 
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26. POTENTIAL IN THE CASE OF A LINEARLY 
ELASTIC BODY 


Suppose that the deformation process in a solid takes place adiaba- 
tically or isothermally; then relation (4.19) holds. With this relation, 
dA is the total differential of a continuous single-valued function 
A depending only on the strain tensor e,,. Assume the body to be 
linearly elastic. Substitute the expressions of the generalized Hooke’s 
law (4.6) in (4.9): 


dA= Ci emn deij. 


For the right-hand side of this equality to be also the total differen- 
tial, the condition Cii, = C37 must be fulfilled. Taking this into ac- 
count, upon integration we find 


A= + CB mn ety: (4.28) 


27. VARIOUS CASES OF ELASTIC SYMMETRY OF A BODY 


The theory of elasticity deals with homogeneous and non-homo- 
geneous, isotropic and anisotropic bodies. A homogeneous body is 
one whose elastic properties are the same at all of its points; an iso- 
tropic body is one whose elastic properties are the same in all direc- 
tions. Otherwise the body is said to be non-homogeneous and ani- 
sotropic. An example of anisotropic bodies is provided by crystals. 

Metals and their alloys used in engineering have polycrystalline 
structure in the form of randomly oriented crystal grains. A poly- 
crystal whose size is of the same order of magnitude as the size 
of crystal grains is by its nature non-homogeneous and anisotropic. 
In comparing specimens whose dimensions considerably exceed the 
size of individual grains, in view of the arbitrariness of the orienta- 
tion of grains and the smallness of their size in comparison with 
the specimen dimensions (from fractions of a micron to tens of mic- 
rons), a polycrystal behaves as a homogeneous and isotropic conti- 
nuous medium. , 

It should be noted that the manufacturing processes and various 
kinds of mechanical treatment introduce more or less significant 
anisotropy and inhomogeneity into a metal; hence, there is always 
only approximate homogeneity and isotropy of materials. 

: -The symmetry of the structure of anisotropic bodies leads to rela- 
tions among the elastic coefficients. We shall consider some special 
cases of elastic symmetry. 

For anisotropic linearly elastic bodies when the deformation 
process takes place isothermally or adiabatically, in view of the fact 
that C7" = Cii, the number of elastic coefficients is 21. 
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Let the body have one plane of elastic symmetry, which is taken 
as the ozz, plane. If the direction of the ox, axis is reversed, the 
signs of x, and u must be reversed, and hence the signs of the strain 
components @31, €33 are also changed. 

The reversal of the direction of the 0x3 axis must not change the 
magnitude of the elastic potential A since it is an invariant. In for- 
mula (4.28) the first degree terms in e3, ¢,3; must therefore vanish, 
i.e., 


Cii = Cit = C35 = C13 = C38 =0123=012=0C23=0. (4.29) 


Thus, in the case when the body has one plane of symmetry of elas- 
tic properties, the number of elastic constants reduces to 43. 

Let the body have two mutually perpendicular planes of symmetry 
of elastic properties. These planes are taken as the co-ordinate planes 
0242 and ox,r3. If the magnitude of the elastic potential is to remain 
unaltered when the direction of the oz, axis is reversed, in which 
case the sign of the component e,, is changed, in addition to condi- 
tions (4.29) we must set 


Ci2=Ci3 = C1} = C33 =0. (4.30) 
Consequently, if the body has two mutually perpendicular planes 


of symmetry of elastic properties at each point, there are only nine 
non-zero elastic constants; they can be represented as the matrix 


cii ct cii o o o 
ct C35 c3 o o o0 
cit Ce, c3 0o 0 o0 
o 0 0 œ 0 o0 
0 0 0 0 cH o 
0 0 0 0 0 œ 


It follows from inspection of this matrix that if there are two ortho- 
gonal planes of elastic symmetry in a body, the third orthogonal 
plane is also a plane of elastic symmetry. Such a body is said to be 
orthotropic. 

If the body possesses the same elastic properties with respect to 
each of the three planes of symmetry, and if the magnitude of the 
elastic potential is to remain unaltered when the axes 02,, 0X,, 023 
are permuted cyclically, i.e., when e11, €22, €33 OF C15) £23, €31 are per- 
muted cyclically, in addition to conditions (4.29) and (4.30) the 
following conditions must be fulfilled: 


Cit =C33 =C3, Cit =CH#=C3B, Cis =—Cif=C33. (4.31) 
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Consequently, when the body possesses the same elastic properties 
for each of the three planes, the elastic potential is of the form 
CH 
A = (e, +e, +635) +C7? (C2233 + e311 Herea) + 
12 


C 
+—* (e, +63, +62,) (4.32) 


and only three independent elastic constants will remain. 

Finally, if the body is isotropic, the elastic potential must be cons- 
tant when any rotation of the co-ordinate axes is made. On the 
other hand, the stress tensor or the strain tensor has three indepen- 
dent invariants of the first, second, and third degree in the compo- 
nents of the stress and strain tensors. The elastic potential must 
therefore be expressed in terms of the invariants of the stress tensor 
if the elastic potential is represented by the components of the stress 
tensor, or in terms of the invariants of the strain tensor if the elastic 
potential is represented by the components of the strain tensor 
(4.28). Since the elastic potential is a homogeneous function of the 
second degree, it can contain only the first invariant to the second 
power and the second invariant to the first power, i.e., 


A = P (@ + ess + €33)? + Q (C1129 + e2233 + e3311 — Ciz — 

— en — ea). (4.33) 
Thus, an isotropic body is characterized by only two elastic cons- 
tants, P and Q. By applying formulas (4.20), and remembering that 


efr (k +r) are the shearing strains in (4.20), whereas in (4.33) they 
denote half the shearing strains, from formula (4.33) we obtain 


Orr = (2P + Q) Orr + (— Q) err 
where 0 is the volume strain, 6,, are the Kronecker symbols. 
Taking into consideration the notation introduced by G. Lamé 
2P + Q=, —Q = 2y, (4.34) 
we obtain formulas for the components of the stress tensor for a li- 


nearly elastic isotropic body in terms of the components of the small 
strain tensor 





Okr = A0ôp, + Query (4.35) 


The constants À and p are called Lamé’s elastic constants. 
These formulas express the generalized Hooke’s law for an isotro- 
pic body. 
Note that, by virtue of formulas (4.34), formula (4.33) can now be 
represented as 
2A = NO? + 2Que,pen, (4.36) 


Here both indices, k and r, are to be summed. 
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Since the strain energy is always positive, we conclude from for- 
mula (4.36) that u > 0. Indeed, if the tensor ep, is chosen so that 
erk = 0, formula (4.36) takes the form 


2A = 4p (eis + es + 651), 


from which p > 0. 

Let us prove that the principal directions of the strain tensor at 
each point of an isotropic body coincide with the principal direction 
of the stress tensor. By taking the principal directions of the strain 
tensor at some point of the body as the co-ordinate axes, we have 
eiz = e23 = €3, = 0; by formulas (4.35), Oige = O23 = 03, = 0, 
which was to be proved. For isotropic bodies no distinction is there- 
fore made between the principal directions of the strain tensor and 
those of the stress tensor; both are referred to as the principal direc- 
tions. 

Let an isotropic body be subjected to axial tensile loading; the 
state of stress at each of its points is given by 


031 #0, Oz = Ol = O23 = Og, = O33 = 0; 
formulas (4.35) then become 
AO + Query = Oj AO + Ques, = 0, AO + Ques, = 0. (4.37) 
By adding these formulas together, we obtain 


4 
o= apap Ot (4.38) 
Inserting (4.38) in the first formula of (4.37), we have 
À 
OW = EP eu. (4.39) 


On comparing (4.39) with the formula of Hooke’s law for a prismatic 
rod in axial tension, we find 


— (3A +2p) 
E= Fr (4.40) 
From the last two formulas of (4.37), with (4.38), we have 
p — A 0 = eee a 
l2 = €33 = — a = ~ eA p Ot 


Substitute the value of o,, from (4.39) in this formula and introduce 
the notation 5 
then 

Coe = €33 = — vey. (4.42) 


Equalities (4.42) express the law of lateral contraction in axial ten- 
sion; v is called Poisson’s ratio. 
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Suppose that an isotropic body is subjected to a uniform hydro- 
static pressure; then 


O11 = O22 = O33 = — P, 
(4.43) 
O12 = O23 = Og, = l. 
By using (4.43), from (4.35) we obtain 
AO + 2ue,, = — p (r = 4, 2, 3). (4.44) 
Adding formulas (4.44) together gives 
(34 + 2u) 0 = —3p. (4.45) 
By introducing the notation 
K=h+<4n, (4.46) 


where K is known as the bulk modulus, from (4.45) we obtain 
p = —K9. (4.47) 


According to the law of conservation of energy, when p > 0 there is 
a decrease in volume; taking this into account, from formula (4.47) 
we have K > 0. On the basis of formulas (4.40), (4.41), and (4.46) 
the quantities A, u, and K are expressed in terms of E and v as 


E 
ry Ew 


0 E $ 
Sayaw’ PSZ?’ K= 30m ° (4.48) 


From the last two formulas of (4.48), remembering that E > 0, 
u > 0, and K >0, we obtain 1 — 2v >0, 1 + v >Q, from which 
the range of possible values of Poisson’s ratio is 


—1 <v < 0.5. (4.49) 


As seen, Poisson’s ratio can also take some negative values. Expe- 
riments show, however, that Poisson’s ratio for known materials 
takes positive values; instead of inequality (4.49) we therefore have 


0<vy< 0.5. 


For most materials v has approximately the same value, close to 
1/3. Consequently, from the first formula of (4.48) we have A > 0. 

Thus, it follows from (4.36) that the strain energy A is a positive 
definite quadratic form in the components of the strain tensor vanish- 
ing only when the components of the strain tensor are all zero simul- 
taneously. 

By solving (4.35) for the components of the strain tensor e,,, and 
taking into account the first two formulas of (4.48), we obtain the 
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generalized Hooke’s law for an isotropic body: 


err = 14y Okr — SY Bars (4.50) 





where 


O = -> Okk- (4.51) 


w| = 


28. THERMAL STRESSES 


Let T be a temperature change at some point of a body; the volu- 
me of a sufficiently small neighbourhood of this point will vary in 
proportion to T. In consequence, the extension of all fibres issuing 
from the given point is equal to aT. The components of the strain 
tensor are then 
e = Cp = lu SAT, Cp = e = Cy, = O. (4.52) 
Here æ is the coefficient of linear thermal expansion. Actually, the 
deformation of the neighbourhood of the point resulting from the 
temperature difference encounters environmental resistance. In this 
case the total strain e,, is found by superimposing the above thermal 
expansion e;, and the elastic strain ekr, i.e., 


cae ee ae (4.53) 


In an isotropic linearly elastic body, provided the proportional limit 
is not exceeded, the components of the strain tensor e;, are, by virtue 
of Neumann’s hypothesis, related to the components of the stress 
tensor by the formulas of the generalized Hooke’s law 


Opr = AO"Snr + Qpe)e. (4.54) 
According to formulas (4.52) and (4.53), 
6” = 0 — 3aT. (4.55) 
Substituting (4.53) and (4.55) in formulas (4.54), we obtain 
Orr = Arr + 2er, — BT Brg (4.56) 


Formula (4.56), where B = (3A + 2u) a, expresses the generalized 
Hooke’s law for an isotropic body. On the basis of Neumann’s hypo- 
thesis the components of the total strain tensor appearing in formulas 
(4.56) are determined in terms of the displacements up} by formulas 
(3.26). 


29. ENERGY INTEGRAL FOR THE EQUATIONS OF MOTION 
OF AN ELASTIC BODY 


Suppose that a body is acted on by a surface force T,, and a vol- 
ume force p F. Let us determine the work done by these forces from the 
initial moment £ =O corresponding to the natural state of rest 


29. Energy Integral 8i 


to the moment under consideration r cane displacement of the points 
of the body during the time dt isc rae ~% dt. Denote the work done by: 
the external forces during the time df by dR. Then 


dR = \ (pF, a dt) dv + | (7 dt) do. 
T oo 








nk Ot 


Substituting Tak = Okr, and transforming the surface integral 
into a volume one, we obtain 


TS pF) Se Horre ( os) ) Jar. 


From the equations of motion we find 


dR up Sey OUR 
dt =) at? ee | Cnr op = ( OL, ) d. 


Here the first term represents the derivative of the kinetic energy 
of the body with respect to time. Indeed, 


Pup 2a — 4 4 ðuk dK 
| ose IE d= 4f ze( a)  dr= di’ 
T 





T 


T 


Because of the symmetry of the stress tensor Orr, 


ô ôu ôer 
j Okr = ( k ) dī = j Onr a dt. 
T T 








OL, 


If the process of elastic deformation takes place adiabatically or 
isothermally, we have, by (4.19), 


j Onr eer d= | = “he dt =— ir | Adt. 
T 








T 
Consequently, 


C] 


By integrating the last relation between the limits 0 and ¢, and re- 
membering that at the initial moment the body was in the natural 
state of rest, we find 


R=K+Í Adr, (4.57) 
T 
where | Adz is the work that must be expended by the external for- 


T 5 
ces to produce deformation. This work is equal to the elastic strain 
6—0884 
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energy; A is the elastic strain energy per unit volume. Formula 
(4. 57) is true not only for isothermal and adiabatic processes, but 
A is then not a potential. 

If the body is linearly elastic and isotropic, A is determined by 
formula (4.36). Thus, the work done by the external forces is expend- 
ed in producing the kinetic energy of the body and the strain energy. 
Formula (4.57) expresses the law of conservation of mechanical 
energy: 

If, under the action of the external forces, the body passes from 
the natural state of rest to a new, deformed, state of rest, the kinetic 
energy is-zero and formula (4.57) takes the form 


R= | Adr. | (4.58) 


30. BETTI’S IDENTITY 


Let a linearly elastic body be in two different states of stress, 
(oij, eij) and (ofj, ej;). Then 


oij = Ci emn, (4.59) 
Of; = Ci emn. (4.60) 


By forming oj;e{;, with (4.59), and grouping together the coefficients 
of ej;, with the use of (4.60), we obtain Betti’s identity 


Oi jeij = Oi ;eij. (4.61) 
Betti’s identity shows that for a linearly elastic body the work done 
by the first state of stress in the strain of the second state of stress 


is equal to the work done by the second state of stress in the strain 
of the first state of stress. 


31. CLAPEYRON’S THEOREM 


Let a linearly elastic body be in a state of rest under the action 
of a surface force T, and a volume force pF. The work done by the 
above forces during the displacements up is equal to 


R= f pF ,u, dt + f Tarun do. 
T o 


Inserting Tar = 0,,M,, and transforming the surface integral into 
a volume one, we obtain 

ĝun ] dt 

Oz, J * 


R= ie (45 +pF) Un + Onr -g 
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By the equilibrium equations (2.25) and the symmetry of the stress 
tensor O;,, we have 
R= f Oprepr dT. 
T 


If the deformation process takes place adiabatically or isothermally 
we have, by Clapeyron’s formula, 


j Adt=+R. (4.62) 
T 


It follows from equality (4.62) that the elastic work of deformation 
is equal to half the work done by the statically applied external 
forces during the displacements. This proposition is known as Cla- 
peyron’s theorem. 


6t 


CHAPTER V 


Complete system of fundamental 
equations in the theory 
of elasticity 


32. EQUATIONS OF ELASTIC EQUILIBRIUM AND MOTION 
IN TERMS OF DISPLACEMENTS 


Equations (4.1) relating the stress and strain tensors complete 
the system of fundamental equations (2.24), (3.26) of the theory of 
elasticity, i.e., the resulting system of nine equations is 





OO;; ĝu; 
Ta +F; =p =r , (5.1) 
Oi; = fij (err) (5 2) 


Here the unknowns are six components of the stress tensor oj 
and three displacements up. The components of the small strain 
tensor é,;, are calculated in terms of u, by means of formulas (3.26). 

The system of equations (5.1) and (5.2) contains both the com- 
ponents of the displacement vector and the components of the stress 
tensor. In order to obtain the equations of equilibrium and motion 
in terms of displacements, from (5.2) we determine 





00%; 1 Ofij up O2u, 
Ox; ~ 2 erk ( OX; OLR OX; OL, ) 


Here the coefficients of the second derivatives of the unknown func- 
tions up are functions of the first derivatives of these functions. 

As a result, we have a system of three second-order non-linear 
partial differential equations in three functions u, of three independ- 
ent variables zx, in the case of equilibrium and four independent 
variables, z, and the time f, in the case of dynamic application of 
forces. These equations are too complicated to be worth giving; it 
is more convenient to set them up directly in each particular prob- 
lem. 

In the case of a law of the form (4.6) the coefficients at are the 
elastic constants Ci} , and the differential equations constitute a sys- 
tem of three linear equations with variable coefficients when the 
body is non-homogeneous and with constant coefficients when the 
body is homogeneous. 
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For an isotropic homogeneous linearly elastic body we have 
00%; 08 ô Ou; Ou; 
Fa = ugar +B aay (Gey tay) - (5.3) 
Substituting the expressions for these partial derivatives in Eqs. 


(5.1), we find 
fa] u 
(AH) gee tHAu, +0 (F;— za) =0. (5.4) 


The resulting equations of motion in terms of displacements involv- 
ing three functions u; are called Lamé’s differential equations. 
The system of equations (5.4) is equivalent to the differential equa- 
tion in vector form 


(+p) V divu +pAu +p ( —£t)=0, (5.5) 


which is obtained from Eqs. (5.4) if each of them is multiplied by 
i; and then summed with respect to the index j, remembering that 
6 = div u. For elastic equilibrium, instead of the system of equa- 
tions (5.4) and Eq. (5.5) we then have 


(+a) + pAus + pF; = 0, (5.6) 
(A + p) V div u + pAu + pF = 0. (5.7) 


In the case when the body is acted on by surface forces only, i.e., 
when the volume force pF is zero, Eqs. (5.6) take the form 


(+B) Get pAuy= 0. (5.8) 


Differentiating (5.8) with respect to zj, and summing the index j, 
gives 
(A + 2u) A0 = 0, 


from which 
Ad = 0. 


Thus, in the absence of body forces the volume strain is a harmonic 
function. 
By applying the operator A to both sides of (5.8), we obtain 


(+p) AO + phn, =0. 
Noting that A0 = 0, we have 


AAu; = 0, 
i.e., the displacement vector is a biharmonic function. 
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Adding the formulas of the generalized Hooke’s law (4.50) (when 
r =k) gives 
1—2v 
6=3 pO (5.9) 
where 3o is the sum of the normal stresses acting on three mutually 
perpendicular planes. Since @ is a harmonic function, so also is 
ø by (5.9). 

By applying the operator AA to both sides of each of the formulas 
of the generalized Hooke’s law for an isotropic and homogeneous 
body, and remembering that the volume strain is a harmonic func- 
tion and uj are biharmonic functions, we come to the conclusion 
that the stress components are also biharmonic functions. 

Substituting the expression given by formula (4.56) in the differ- 
ential equations (5.1), we obtain 





Ou; 


+p) Auo (Fj —sr)—BZE=0. (5-10) 


These differential equations are called the Duhamel-Neumann ther- 
moelastic equations. 

It should be noted that the elastic constants A and p are functions 
of temperature T and, as established by experiments, they usually 
decrease with increasing temperature. In the case when temperature 
gradients in a body are not too great, À and u may be considered 
constant. 

- The system of differential equations (5. 10) involves three unknown 
functions Un since the temperature change is assumed to be known; 
the latter is determined as follows: let a body be subjected to a change 
in temperature depending on the co-ordinates of a point and the time 
t. Assume that the body is thermally isotropic and homogeneous; 
in addition, the thermal conductivity A* and the specific heat e 
are temperature independent. This assumption is fully justified when 
the temperature differences are not too great. In this case the function 
T (Tı, Za, Xs; t) must satisfy, throughout the body, the Fourier heat 
conduction equation 

; 2 ar 
where A is the. Laplacian tee y is the specie weight, a-is the 
thermal diffusivity, a? = A*c-1y71, Q is the quantity of heat per 
unit volume generated or absorbed per unit time by a heat source 
situated at the given point of the body. 

In the case of a steady temperature state of a body Eq. (5.11) 
reduces to Poisson’s equation 


AT = -$. l (5.12) 
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If the body contains no heat sources, we obtain Laplace’s equation 
AT =0, (5.13) 


i.e., the temperature is a harmonic function. 

To determine the function T completely, it is necessary to specify 
the appropriate boundary conditions and also the initial conditions 
in the case of a transient temperature state. It is assumed that the 
unknown function and its partial derivatives are continuous up to 
the surface of the body. The initial value of 7 may be given by any, 
continuous or discontinuous, preassigned function f (£1, Za, 73), i.e., 


. T (zı, Tas T3; 0) = f (x1, Xo, £3). (5.14) 


In the simplest case the boundary condition specifies the temperature 
over the surface œ of the body under consideration as a function of 
position and time 


T lo = T° (x, Zo, £g; t) (5.15) 


at any time ¢ >Q. 
< On the boundary one can also prescribe the heat flow through the 
surface of the body : 
or 
on 
where q° is the heat flux entering or leaving the body across unit 
area of the body surface per unit time. 
Finally, according to Newton’s law of cooling, the condition on 
the surface of the body may. also be given as 


Ls = ah): (5.17) 





o= TE (Ti Lay T3; t), (5.16) 





ôn jo 


Here 7* is the temperature of the surrounding medium, k/A* is the 
relative heat transfer coefficient,-k is-the surface heat transfer coef- 
ficient. 

In the case. of.a simultaneous consideration of the heat conduction 
problem and the thermoelastic problem we have to deal with the gen- 
eralized heat conduction equation 


oT ô 4. 
ap + o divu=a?AT., (5.18) 


Here u is the elastic displacement vector, 





Cp — Cy 
b= TE (Cp >c), 
Cp, Co are the specific heats at constant pressure and constant vol- 
ume, respectively; œ is the coefficient of linear expansion. 
The generalized heat conduction equation (5.18). differs from the 
usual equation (5.11) with Q = 0 by the presencé of the additional 
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term b2 div u and can be obtained from the first law of thermo- 


dynamics. The idea of such a formulation of the problem is due to 
the well-known Russian physicist N. A. Umov who stated it in 1871 
in Theory of Thermomechanical Phenomena in Elastic Solids. In this 
approach the solution of the thermoelastic problem is reduced to a 
simultaneous solution of the generalized heat conduction equa- 
tion and the equations of motion and strain compatibility with 
the appropriate initial and boundary conditions for tempera- 
ture and stresses. In this formulation the problem is realized 
when, in addition to temperature fields, the body is acted on by 
rapidly varying external forces, which may give rise to a rather 
significant redistribution of the temperature fields in the body, and 
this in turn may entail a redistribution of stresses. In cases where 
the hormat. stresses in the body result only from external heating, 


the term we div u can be neglected in the generalized heat conduc- 


tion N 
The heat conduction problem then becomes the first, and tadepent: 


ent, step of the thermoelastic problem. Clearly, the term ae z div u 


vanishes in all static problems, and hence here the Gisrmcclactic 
problem and the heat conduction problem are solved separately. 

By the foregoing method, from (2.30) and Hooke’s law (4.35), 
using formulas (3.29) and (3. '30), it is easy to obtain the differential 
equations of motion in terms of displacements in a cylindrical co- 
ordinate a These are as follows: 


(4+ 2p) r- 2 oo — 2p (2 sal Sam Fay (r@q)) +0r (F, —5 )=0, 








1 00 A 
ene — 2p (3 - 2) (6) 0, (5-19) 
(A-+2p) r F-— 2p ( (ra) — Fe) + pr (r) =0, 

where 
1 up 
O= err + egg Hes = E (Uy) ++ ap sp OR: = (5.20) 


From (2.34) and (4.35), with the use of formulas (3.33) and (3.34), 
the differential equations of motion in terms of displacements in a 
spherical co-ordinate system are obtained as 


(à +2u)r sin pS — 


— 2p (-4o sin ¥)) +r sin p (7,3) = 0, 
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ĝu, 
Am he 2 — 2p (eE ro) Hor (Fo — e) =0, 
Pa (5.21) 
(.-+2y) sin p #24 (2 (ra, sin yp) — 2% Ben) 4 


+r sin p (ae =0, 








where 
a ; îug 
9 = err + ego + Coy = 4 2 (ru) + y (= ap (Hv sin tp) +3) ; 
(5.22) 
For an axially ore problem AN (5.19) become 
(A+2 Mas r 2 ppr =0, F,=0, 
u p Org (F, a =) ? (5.23) 








(A +2p) r > — 2p È (roy) or ( a ra) =0 


since u, = 0, and u, a u are independent of the co-ordinate. 
Due to the last sca a ©, = © = 0 and 


Ou. 
o=— = 2 (rur) + 5% (5.24) 


In the case of equilibrium and when F, = F, = 0, Eqs. (5.23) 
reduce to 
2y Oor a 
S La iir Apu ôt 2 
að y ta 
Ox A+2u r ôr 


(5.25) 


From this 
ð 1 ð POg 
Or. (FE (ra) ) + at 0. 


After determining the solution o, of this equation, we find 8 by using 
either of Eqs. (5.25). To determine u, and us, from (3.30) and (5.24) 
we obtain differential equations of the form 


ður __ uz 
an ôr 


(ru,) +4 


(5.25") 


7 





T 


Z (4 Zu) + Sear 24H 


or \r ôr ôx? T3 or ° 


From this 
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After finding the solution u, of the last equation, we also find ug 
by using either of Eqs. (5.25). 

For an axially symmetric problem the equations of motion in a 
spherical co-ordinate system assume the form 


8 1 ô 5 
(A+ 2p) + Que Hp (We sin wp) + er (F,— 2 


Zup 
ðt? 





)=0, F,=0, 
00 4 ð , 3u 
(A+ 2n) -zp 2b ap or Csin p) + pr (Fo—sa-) =0, 
where 
1 @ ; 1 ô A 
o=- Gp CY) tring op (He 8iD Y), 
1 ô ô 
w= 35 (FEF (ruy)), _ 0, = Oy =0 
since ug=0, Uy=Uy(r, p) and ur =u, (r, p). 


33. EQUATIONS IN TERMS OF STRESS COMPONENTS 


Consider the basic equations of the statics of a linearly elastic 
isotropic body 
ôOrk 





“az, tPFR=0, (5.26) 
epee og abe (5.27) 


Nine equations, (5.26) and (5.27), contain nine unknown functions 
Uk, Okr 

In Chap. III it has been stated that the six components of the strain 
tensor e}, are not arbitrary functions of the co-ordinates of a point 
in a body, but must satisfy six Saint Venant’s strain compatibility 
conditions. Remembering this, we substitute formulas (5.27) in 
Saint Venant’s strain compatibility conditions; after some manipula- 
tion, we find six relations ‘interconnecting the components of the 
stress tensor. Consequently, there are then in all three differential 
equations (5.26) and six relations among the components of the stress 
tensor, which we proceed to derive. Suppose that: the body is homo- 
geneous, i.e., A and p are independent of position. The resulting 
system of equations will apply only to isotropic homogeneous and 
linearly elastic bodies. 

Substituting (5.27) in Saint Venant’s conditions (3.45), after some 
rearrangement, we obtain 

















04, 800 3v ao o 0e 

Ox F ôx? 1+7v ( ôx? =e ôx? )= Ox, ÔT ? (5-28) 
07044 3v 3o _ ô _ O23 003, 0012 
OLy OL3 1+ 02.0%, -O2, ( Oz, oF ôT g OZ ) (5.29) 
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and four more similar relations also corresponding to conditions 
(3.45). By differentiating the first equation of (5.26) with respect 
to zı, the second with respect to z,, the third with respect to — zg, 
and adding, there results 

O01. _ 00l + 8702, _ 0? O33 +p (= OF, q ORs OF, — #2) (5.30) 


zı ôt Oa? ôr? ðr} Ort, | Ty Ong 


Inserting (5.30) in (5.28), we have 
3? (011 +922) TE 3? (O11 H922) _ 3O33 __3v ( ao ao sr)= = 














ax? ôr ôr?  1Fv \ ôr} 3z 
2 (E2 _ 1) 
PP | Gr, Ot, Oxy 
or 
1 o 1 ôF, ôF, ôF, 
Ao— 5 (1+) Aos — r= 5 vo (Sii, 

1 f o 1 dF, OF, Fy 
Mra ane gle aa me) (5.34) 
ee Bo OF, ôF, ôF, 
do— 3 (+) Aoi i= HY oa) 


The last two relations are obtained in a similar way from the re- 
maining two equations of the type (5.28). 
By adding the last equalities, we find the formula 























_t+tv oF, - 
Ac = — p=" C=) ar (5.32) 
Substituting (5.32) in (5. es we obtain 
1 i 1 oF, 
+. Ao gb Z = ™'3 2 (4 Bi) ir a = —p aS Ox, ' 
4 OF 1 OF, 

p Aon te= — Fp (Hv) Se p yt afe at, (5.33) 

1 oF 147) oF, 

LES hont SE- ~2o ty it s ea z, 


These equalities constitute the first group ọf the Beltrami-Michell 
relations. 

To obtain the second group of the Beltrami-Michell relations, we 
transform (5.29). For this purpose we differentiate the second equa- 
tion of (5.26) with respect to x, the third with respect to z,, and add 
them together; by ne the result to (5.29), we have 


me 14y ( OF, , OF, ) 
OL Oxf, }* 








Avis +3 3a, = = = —p 


The remaining two equations of this type are obtained in a similar 
way. : = 
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Thus, the second es of relations takes the form 




















amd 1tv / oF oF 

Aon + ar or wie a =P 3 ( ee + 5°) 
Ly = 14v / dF, , OF 

Aegis iz a —p = (ath (5.34) 
Les _ _ tty ( OFs , OF 

Aoz, + in a Pras. 3 (zta) 


T the Beltrami-Michell relations represent six linear 
differential equations containing six functions O,s- 

It is important to note that the system of equations (5.33) and 
(5.34) is suitable only for a linearly elastic isotropic homogeneous 
body in the case of isothermal or adiabatic deformation processes 
in the body, whereas six Saint Venant’s compatibility equations are 
suitable for any body. 

In the case when the body forces are absent or constant the Belt- 
rami-Michell relations become 


IEY 





Aop, =0. (5.35) 


eo 
+ Or, OX, 
Similarly, with the use of (4.50) and (2.30), when F, = Fy = Fy 
= W, = W, =W,=0, the compatibility equations “3. 40)° in in 
a cylindrical coordinate system are rearranged in the form 
2 4 ôr 1 60 
Aor, ——> (Orr — Os) — -7 a +——— tiv oF —-=0, 
2 4 Wor 1 14/70 ,1 8 
Adgg + Fe (Orr — Oeo) + 55 Gq + Ty F (+4 z) 6=0, 
1 30 
oss + TF ne Gay = 9 


1 @ {1 00 4 
Aoa +r F (F z Ste 77 oa (Orr — S99) — =z Org = 9, 


1 026 2 O03, Oo3 
Ades + TF7 r ôpôry | r Op re? 





a6 2 Osp Sgr 
+a “Or Ot, r? OQ r? =0, 





Aos, 


where 
i ð ð 4 
0=0,,+099 HO A=- (r=) tor a 


For an axially pas problem Eqs. (5.36) assume the form 
1 30 
Ao,,— 4Gr— — 099) + 7 1+ or. =0, 
1 1 0 
Agp + r2 =0,,— Spo) +75 itv Tr or =0, 
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20 
Aos tris =O (5.37) 
4 20 4 
Ags, + 1-+v ðr ôr, rê 3 =O, 
where 


8? 1 ô a 
A= ts tay 


since 0,9 = O93 = 0, and the remaining components of the stress 
tensor are independent of the @ co-ordinate. 


34. FUNDAMENTAL BOUNDARY VALUE PROBLEMS 
IN ELASTOSTATICS, UNIQUENESS OF SOLUTION 


In practice the most common types of loading and fixing of bodies 
are the following: (1) the forces applied to the surface of a body are 
given; (2) the displacements are given at all points of the surface; 
(3) the displacements are given over a part of the surface, and the 
external forces over the remainder. In this connection three types 
of fundamental boundary value problems are distinguished in 
elastostatics. 

The first fundamental boundary value problem consists in finding, 
in the region occupied by the body, three projections of the displace- 
ment vector and six components of the stress tensor, which must be 
continuous functions of position up to the surface of the body and 
satisfy Eqs. (5.1) and (5.2), and, in addition, the following condi- 
tions on its surface: 


Osr, = Tyg (ty, Za, £3), (5.38) 


where Tas are the projections of the given forces acting on the surface 
of the body. 

The second fundamental boundary value problem consists in find- 
ing a solution of Eqs. (5.1) and (5.2) satisfying the following boun- 
dary conditions on the surface of the bady: 


Uy = Ur (£i, Ta, T3), (5.39) 


where u, are the projections of the given displacement vector of the 
points of the body surface. 

The third fundamental boundary value problem consists in deter- 
mining a solution of Eqs. (5.1) and (5.2) satisfying conditions (5.38) 
over a part of the surface, and conditions (5.39) over the remainder. 
Besides these problems, other problems are encountered which also 


have applied significance. Some of these will subsequently come 
under consideration. 


94 Ch. V. Fundamental Equations 


For thermoelastic problems involving surface forces as well as tem- 

peratures, the boundary conditions (2.22) take the form 

Tni = (AO + 2pe1, — BT) ni + Qe + 2e43Ns, 

Png = 2pegiMs + (AB + QWs, — BT) na + Wests, (5.40) 

Trg = 2pezn, + 2pezzna + (AO + 2uez3 — BT) ng. 
Equations (5.10) and (5.40) show that the elastic displacement vec- 
tor win the body is the same as that arising when the body is acted 
on by the forces BVT applied at each of its points and calculated per 
unit volume, and the pressure nT on the surface, as well as the body 
and surface forces. 

The proof of the existence of a solution of the above problems in- 
volves great mathematical difficulties. At present, however, the 
solvability of all boundary value problems of the theory of elasti- 
city is established under rather general conditions. Assuming the 
existence of solutions of the foregoing boundary value problems, we 
proceed to the proof of their uniqueness. 

Suppose that one of the above fundamental boundary value prob- 
lems has two solutions, uk, Ork and uk, Ork. Obviously, the difference 
of these solutions 


Up = Uh — Uk, Ork = Ork — Orks 
in the absence of body forces, must satisfy the basic elastostatic equa- 
tions (5.1) and (5.2). Hence, formula (4.62) holds for up, and o,;: 


í T nu, de == 2 j Adi. (5.41) 
o T 


In the case of the first fundamental boundary value problem Ta, = 
= 0 on the surface of the body for the solution made up of the differ- 
ence of two solutions of the given problem since both solutions must 
satisfy conditions (5.38) for the same forces prescribed on the surface 
of this body. 

In the case of the second fundamental boundary value problem, 
for the solution made up of the difference of two solutions of the 
given problem, we have u, = 0 on the surface of the body, similarly 
to the preceding case. 

Finally, in the case of the mixed problem Ta, = 0 over a part of 
the surface, and u, = 0 over the remainder. 

Thus, in all three fundamental boundary value problems the 
integrand is zero on the surface of the body, i.e., 


Taru, = 0; 

hence, in all three cases 
f Adt=0. (5.42) 
T 
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Remembering that A is a positive quadratic form, from (5.42) 
we obtain 
A =0. 


As follows from (4.36), this in turn is possible when e,, = 0. We 
conclude from this that e;, = e;, or, on the basis of the generalized 
Hooke’s law (4.35), Oik = Orr. Consequently, both solutions give 
the same state of stress and strain. 

Thus, the theorems of uniqueness of solution for the above problems 
are proved. It should be noted that it does not follow from the zero 
strain compenents, as may be inferred from formula (3.26), that 
u, = 0. In the solution of the first fundamental boundary value 
problem we can therefore obtain, for the projection of the displace- 
ment u,, various values differing from one another only by a rigid- 
body displacement of the whole body, which has no effect on the 
state of stress or strain in the body. In the second and third fundamen- 
tal boundary value problems there is no such difference because the 
displacements are given over the entire surface in the second problem 
or over a part of the surface in the third problem. 

In this section we have proved that the system (5.1), (5.2) with 
given external forces uniquely determines the state of stress 
or strain in the body. In the foregoing proof of the uniqueness of 
solutions of the above-mentioned boundary value problems, which 
is given by G. Kirchhoff, the body may be assumed both simply 
connected and multiply connected. 


35. FUNDAMENTAL PROBLEMS IN ELASTODYNAMICS 


In the case of elastodynamics, as in statics, three fundamental 
problems may be formulated for Eqs. (5.4). In contrast to the funda- 
mental boundary value problems in elastostatics, in the case of dyna- 
mic loading to the boundary conditions must be added the initial 
conditions specifying the projection of the displacement vector 
up and the projection of the velocity vector v} of a point of the body 
at a certain time fọ from which the study of the problem begins, 
i.e., 


Uk (z4, To, T3; t) li=t, = Up (£1, Tz, 2s), (5.43) 
ô e 
-gr Un (Tis Le, T3; t)| tt, = Vh (Ti, Le, T3). (5.44) 


Thus, the integrals of the system of equations (5.4) must satisfy not 
oy the boundary conditions, but also the initial conditions (5.43), 


As in the preceding section, let us prove the uniqueness of solutions 
òf the problems considered here, without taking up the proof of the 
existence theorems. 
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Assuming that these problems have two solutions, we consider 
their difference, which is the solution of the system of equations 
(5.4) with F} = 0. For this solution, in the case of the first problem 
the stress vector on the surface of the body Ta = 0 for t > ty; in 
the case of the second problem the displacement vector of a point 


of the surface of the body u = Ofort > fp, and hence S* = 0 on the 


surface œ; in the case of the third problem T, = 0 for t > fy over 
a pat of the surface, and u = 0 for f >t, over the remainder; 


hence, 2 > = 0 over this part of the surface of the body. 


Since both solutions of the problem must satisfy the same initial 
conditions, it follows that the initial conditions for the difference 
of these solutions are homogeneous, i.e., at the initial moment 
fọ we have 


OW ii, (5.45) 


It appears from the above that the work R calculated for the differ- 
ence of the solutions u for t > t, is zero. On this account, from for- 
mula (4.57) we have 


K+ | Adr=0. (5.46) 


Since the kinetic energy of the body K and the strain energy are 
positive quantities, from (5.46) we obtain 


K=0, A=0, 
and hence 


~ =0, Crp =O for t>%p. 


It follows from the condition = 0 that the displacement vector u 
is time independent; it follows from the condition e,, = 0 that 
the strain is zero. Consequently, the solution w can represent only a 
rigid-body displacement of the body. According to the condition of 
the problem, u = 0 at the initial moment; hence, this rigid-body 
displacement must be zero at all points of the body and at all times. 
Thus, the two solutions are completely coincident. 


36. SAINT VENANT’S PRINCIPLE (PRINCIPLE OF SOFTENING 
OF BOUNDARY CONDITIONS) 


Referring to the problems of bending and torsion of long prismat- 
ic bars, in 1855 B. de Saint Venant published his famous principle: 
The mode of application and distribution of forces over the ends of a 
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prism is immaterial for the effects produced over the remaining length, 
so that it is always possible, to a sufficient degree of approximation, to 
replace the applied forces by statically equivalent forces having the same 
resultant moment and the same resultant vector. 

Thirty years later, in 1885 the first general formulation of this prin- 
ciple was given by J. Boussinesq: A balanced system of external for- 
ces applied to an elastic body when all points of application of the 


p 


Fig. 12 Fig. 13 











forces of this system lie inside a given sphere produces negligibly small 
deformations at distances from the sphere sufficiently greater than its 
radius. 

To prove Saint Venant’s principle, Boussinesq considered a semi- 
infinite body subjected to concentrated forces perpendicular to its 
plane boundary. It is rather interesting to note that up to now there 
has been no rigorously general proof of Saint Venant’s principle. The 
existing attempts in this direction are primarily devoted to the esti- 
mation of the error of Saint Venant’s principle as applied to prisma- 
tic bodies and also to bodies whose dimensions are all of the same 
order of magnitude. The problem of estimating the error of this 
principle in relation to thin-walled bars and shells is only slightly 
worked out on account of its great complexity. 

When solving problems of the theory of elasticity reference is often 
made to Saint Venant’s principle. If, in solving the problem, the 
boundary conditions are prescribed in full accord with the actual 
distribution of forces, the solution may be very complicated. Based 
on Saint Venant’s principle, it is possible, by softening the boundary 
conditions, to obtain a solution which will give, for a major portion 
of the body, a field of the stress tensor very close to the actual one. 
The determination of the stress tensor in the region of load applica 
tion presents special problems of the theory of elasticity called con- 
tact problems or problems of analysis of local stresses. Figure 12 
shows two statically equivalent force systems: one in the form of 
a concentrated force P perpendicular to the plane boundary of a 
semi-infinite plate, and the other in the form of uniformly distributed 
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forces over a semicylindrical surface whose resultant is equal to the 
force P and perpendicular to the boundary of the plate. At points 
sufficiently far removed from the region of application of the above 
forces the stress tensors in both cases are practically the same. The 
regions of a cantilever beam in which the stress tensor is essentially 
dependent on the mode of application of the force are dashed in 
Fig. 13. 

The efficient solution of the boundary value problems of elastic 
equilibrium mentioned in Sec. 34 involves great difficulties in the 
general case. In this respect Saint Venant’s principle holds a special 
place in the theory of elasticity. Owing to this principle, we have at 
present solutions of numerous problems of the theory of elasticity for 
Saint Venant’s principle allows the boundary conditions to be sof- 
tened;ithe given force system applied to a small part of an elastic 
body is replaced by any convenient (in simplifying the problem) 
statically equivalent force system applied to the same part of the 
surface of the body. 


37. DIRECT AND INVERSE SOLUTIONS OF ELASTICITY 
PROBLEMS. SAINT VENANT’S SEMI-INVERSE METHOD 


In direct solutions of problems dealing with elastic bodies we seek 
the stress and strain tensors and the displacement vector produced 
by the external forces acting on them. For this it is necessary to 
integrate Lamé’s differential equations (5.4) if the fundamental un- 
knowns are taken to be displacements ug, or the differential equations 
(5.26) and the Beltrami-Michell relations (5.33), (5.34) if the funda- 
mental unknowns are taken to be the components of the stress tensor 
with given boundary and initial conditions. In the first case it is said 
that the problem is solved in terms of displacements, and in the 
second .case in terms of stresses. 

In solutions of inverse problems we assign either displacements o 
the components of the strain tensor in the body under consideration 
and determine all the other quantities, including the external forces. 
The solutions of inverse problems present no great difficulties, but 
it is not always possible to arrive at solutions of any practical in- 
terest. Based on this, Saint Venant proposed a semi-inverse method 
consisting in partially specifying displacements and stresses simulta- 
neously and. then using the equations of the theory of elasticity to 
determine the equations that must be satisfied by the remaining 
displacements and stresses. The resulting equations are rather easily 
integrated. Thus, this method provides a complete and accurate solu- 
tion for a large number of special problem most commonly encoun- 
tered in practice. Saint Venant-applied his method to the problems of 
unconstrained torsion and bending of prismatic bodies. ` 


38. Simple Problems 99 


38. SIMPLE PROBLEMS OF THE THEORY OF ELASTICITY 


The simple problems of the theory of elasticity will be defined 
as those in which the components of stress, and hence of strain, at 
any point of a body are constant or depend linearly on the co-ordi- 
nates. Obviously, in the simple problems the Beltrami-Michell relations 
or the strain continuity equations are satisfied identically. These 
problems are solved by the semi-inverse method. 

1. All-round uniform pressure. 

Let a body be subjected to an all-round uniform external pres- 
sure—np (nis the unit normal vector to the surface of the body). Body 
forces are neglected. Assign a stress tensor in the form 


O11 = Ozz = O33 = —P, Oiz = O23 = On = 0, (5.47) 


which satisfies the differential equations of equilibrium (2.25) and 
the Beltrami-Michell relations. 

Determine the external forces producing a stress tensor of the form 
of (5.47) in the body under consideration; on the basis of formulas 
(2.22) we have 

Tar = —pn 
or 
T,= —np, 


i.e., the stress vector applied on the surface of thè body must repre- 
sent the pressure —np, which is actually the case. Thus any three 
mutually perpendicular sections are principal planes at all points 
of the body. By the generalized Hooke’s law (4. 50), the components 
of the strain tensor are 


een — A py ew=0 (kr) (5.48) 





Suppose that the given body is fixed at some point, which is taken 
as the origin of co-ordinate axes, and an elementary fibre situated on 
the z axis is fixed at that point; moreover, the rotation of an eleme- 
tary fibre situated on the z, axis is constrained in the zz% plane. 
Analytically these fixing conditions are written respectively for all 
zp = 0 as follows: 


iet, Si Da OL o, (5.49) 


Substituting solution (5.48) in formulas (3.44), and taking into ac- 
count the fixing conditions (5.49), we determine, after simple compu- 
tations, the projections of the elastic displacement vector 


uy = — E pry. (5.50) 
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Consequently, the displacements of points of the body are radial; 
they increase directly with the distance from the origin and are 
symmetrical about it. 

2. Axial extension of a prismatic rod. 

Let a prismatic body with straight axis and bases of arbitrary 
shape at right angles to it be subjected to axial tension. Body forces 
are neglected. A stress tensor chosen in the form 


O11 = Og, = Ola = O23 = Og = 0, Ogs = (5.51) 
satisfies the differential equations of equilibrium (2.25) and the Belt- 
rami-Michell relations. Determine the external forces producing 


a stress tensor of the form of (5.51) in the given prismatic body. By 
formulas (2.22) we have: on the lateral surface of the rod (ng = 0) 


= Tas = 0, (5.52) 


on the bases of the rod [cos (x3, zı) = cos (£g, £) = 0, cos (£3, 


Tra = tne 


Ts, = Ts, =90, Ts3 = +p. = (5.53) 


Equalities (5.52) show that the lateral surface of the body must be 
free from external forces, which is exactly true since the body is 
acted on by axial forces only. Equalities (5.53) show that uniformly 
distributed tensile forces of intensity p must be applied to the bases 
of the rod. Actually the transmission of a tensile force to the rod 
under consideration may differ greatly from uniformly distributed 
tensile forces. According to Saint Venant’s principle, however, solu- 
tion (5.51) may be considered as exact over a part of the rod suffi- 
ciently far removed from its bases. 

By the generalized Hooke’s law (4.50), the components of the 
strain tensor are 

liz = e23 = C31 = 0, 

(5.54) 


Y y — 938 
eu=— p ha laS — p F330 bs9 =e 


As in the first problem, at the centroid of the upper base of the rod, 
where the origin is placed, we assume the boundary conditions 


ô ô ô 
up =0, T T T for zp=0. (5.55) 


Substituting solution (5.44) in formulas (3.44), with (5.55), we ob- 
tain 

Uy = -7 Zi, U= — Eaa U3 = £2. (5.56) 
The first two formulas of (5.56) show that the displacements u, and 
u, at all cross sections are the same and proportional to the distance 
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of a given point of a cross section to the axis of the rod. The third 
formula of (5.56) shows that plane sections remain plane after defor- 
mation. In a course in strength of materials the last result is taken 
as the starting assumption known as the hypothesis of plane sections. 

3. Extension of a prismatic rod under its own weight. 

(a) Let a prismatic rod of length l fixed at its upper end be 
subjected to tensile deformation under its own weight. Denote the 
density of the material by p. We choose the axes of a co-ordinate 
system so that the origin is at the centroid of the upper base perpen- 
dicular to the axis of the rod, and one of the axes of the system, say 
£3, directed vertically downwards, coincides with the axis of the rod. 
The projections of the mass force are then 


Fi, =F, =0, F; = g. 
By using Saint Venant’s semi-inverse method, we choose the compo- 
nents of the stress tensor in the form 
On = Oz = yg = O23 = Og, = 0, 

O33 = Arg + b. (5.57) 
Here the constants a, b are not yet known. The Beltrami-Michell 
relations are satisfied identically by these components of the stress 
tensor; the first two equations of equilibrium are also satisfied iden- 
tically, and from the third equation we obtain 

a = — pg. 

Now we have 


O33 = — p8ET; + b. 
Taking into account formulas (5.57), and remembering that ng = 0, 
where n is the outward normal to the surface of the rod, for the 


projection of the force acting on the lateral surface of the rod we 
have, by (2.22), 


Tr = Tae = Tng = 0. 
As seen from the last equalities, the lateral surface of the rod must 


be free from forces, which is actually the case since the rod is under 
its own weight only. On the lower base of the rod (z, = l) we have 


m =n, = 0, ns = 1, 
where n is the outward normal to the lower base. According to for- 


mulas (2.22) 
Tr,;=0, Th,=0, Tha™= —pgl+o. 


BY the conditions of the problem, the lower base is free from forces, 
ence 


n3 = — pgl +b = 0, 
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from which 
b = pgl. 
We have, finally, 
O33 = pg (—3; + I). (5.58) 


Proceeding in a similar way, on the upper base of the rod (x; = 0) 
we have 
Ta =T =0, Ths = —pegl. 


This corresponds to fixing conditions of the upper base such that 
there are only normal stresses uniformly distributed throughout the 
base. No such fixing is practicable, but by virtue of Saint Venant’s 
principle solution (5.57) may be considered to be exact for every 
other mode of fixing. 

By the generalized Hooke’s law, the components of the strain 
tensor are 


4 
e= ea = — -> pg (—T3 +l), ess PE (— 3+ l), (5.59) 
eig — 293 = C34 = 0. 


For the boundary conditions (5.55) of the second problem, with 
(5.59), from formulas (3.44) we have 
u= 2e xı (z3— l), u, =e £a (z3— l), 
(5.60) 
uz = -£e [x3 +v (23+ r3) — 2las]. 


As the third formula of (5.60) shows, the points lying on the axis of 
the rod are displaced only along this axis. 

Since there are no shearing stresses, and hence no shears, at the 
cross sections of the rod, these sections remain normal to all fibres 
after deformation of the rod and, as the third formula of (5.60) 
shows, are distorted into paraboloids of revolution which are convex 
downwards. 

(b) A prismatic rod of length / fixed at its upper end is under the 
action of its own weight and a force P applied to the free end in 
the direction of the axis of the rod. We place the origin of co-ordi- 
nates at the centroid of the upper section and choose one of the axes, 
£3, along the axis of the rod in the downward direction. Based on 
Saint Venant’s principle, we replace the force P by a statically equiv- 
alent load of intensity p = P/œ uniformly distributed over the 
lower base of the rod (@ is the area of the lower base perpendicular 
to the axis of the rod); by reason of the linearity of the problem, the 
solution is represented as the sum of the solutions of the second 
and third problems. 
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4. Torsion of a circular prismatic bar. 

Let the extreme cross sections of a circular prismatic bar with 
axis ox, be acted on by couples whose moments are equal in magni- 
tude but opposite in sense; in this case the bar is subjected to torsion 
(Fig. 14); the lateral surface of the bar is free from surface forces, 
and there are no body forces (Fẹ, = 0). 

The elementary solution of the problem in the theory of strength 
of materials is based on the assumption that the cross sections of 


X2 


JA izuz 


X1 





Fig. 14 


the bar, remaining plane and at constant distances apart, rotate 
with respect to one another and their radii do not distort. If this 
assumption is taken into consideration, the projections of the dis- 
placement vector of some point in a certain cross section of the bar are 


Uy = — TWl3, Ug = THy23, Uş = 0, (5.61) 

where t is the constant angle of twist per unit length of the bar. 
Let us examine whether these displacements are compatible with 
all the basic equations of the theory of elasticity. Substituting (5.61) 


in formulas (3.18), the components of the strain tensor are obtained 
as 


e11 = Con = €33 = C12 = 0, 





i ĝua dug = 

2e = Os + Qty Tt (5.62) 
_ ôu dug 

2e; = 0x3 + On = TI. 


The volume strain is 
6 > ey + Coa + e33 = 0. (5.63) 


As seen from formulas (5.62), Saint Venant’s compatibility equations 
are satisfied identically. 

Noting that the mass forces are zero and relation (5.63) holds, 
we verify that displacements (5.61) satisfy Lame’s equations of elas- 
tic equilibrium (5.8). 
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By the generalized Hooke’s law, the stress components are equal to 
O11 = O22 = O33 = 2 = 0, (5.64) 
Os3 = WIT, G3, = — MTL. 

Thus, there are only two components of shearing stress acting at 
any cross section of the bar. Substituting (5.64) in formulas (2.22), 
we have Tar = 0 on the lateral surface, where ng = 0. Consequently, 
the lateral surface of the bar must be free from stresses, which is 
actually the case. Further, substituting (5.64) in formulas (2.22) 
for the extreme cross sections (n, = na = 0, ng = + 1), the surface 
forces corresponding to solution (5.61) are obtained as 

Thy = F utta, Trp = pty, Ths = 


Thus, solution (5.61) leads to the conclusion that the extreme cross 
sections of the bar must be acted on by only tangential forces distri- 
buted according to law (5.64). The resultant vector and the resultant 
moment of these forces with respect to the centre of the circle are 


V= f T nı do= — pt j z, d0, 
o o 


V= | Tredo=pr | zı do, 


o W 


L= j (T n2t1 — T ni2) dO = uT f (x? + 2?) do. 
o 


Owing to the fact that the ox, and or, axes pass through the centroid 
of the circle, the static moments of its area are 


f z£ do = f xı do =0 


W o 


We have, finally, 
¥Y,=V,=0, L=nptly, 
where J, is the polar moment of inertia of the area of the circle, i.e., 
R4 
D= | @it+2}) dos; 
(0) 
here R is the radius of the circumference. 

The realization of the transmission of external forces at the ends 
of the bar according to law (5.64) is impracticable, but on the basis 
of Saint Venant’s principle solution (5.64) may be considered exact 
for any law of transmission of external forces if the conditions of 
static equivalence are fulfilled, i.e., the constant t is chosen so (this 
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is possible) that the moment M of the applied couple at either of 
the extreme sections is equal to the resultant moment Lp: 
Ly = pil) = M, 
from which we obtain 
_M 
aries 


giving Hooke’s law for a circular prismatic bar in torsion. 

5. Pure bending of a prismatic bar. 

Let the ox, axis be taken coincident with the axis of the bar, and 
the ox, and oz, axes coincident with the principal centroidal axes 





Fig. 15 


of inertia of a cross section, the ox, axis being directed towards the 
stretched fibres (Fig. 45). 

Suppose that the lateral surface of the bar is free from external 
forces, and that body forces are absent. Moreover, let the extreme 
sections of the bar under consideration be acted on by two couples 
whose planes of action coincide with one of its principal planes, the 
moments of the couples being equal in magnitude and opposite in 
sense. In this case the bar is subjected to pure bending and, as is 
known from the theory of strength of materials, the solution of this 
problem is based on the assumption that each cross section, remain- 
ing plane, rotates about a centroidal axis of this section perpen- 
dicular to the plane of action of the couples (the neutral axis ox.) 
through a certain angle. 

Assume that the components of the stress tensor are 


O11 = Oa = 1g = O13 = O32 = 0, Ogg = OX, (5.65) 


where a is a constant, x, is the distance of the point of the cross sec- 
tion at which the normal stress 03, is calculated to the neutral axis 
of this section. 

Let us examine whether the stress components are compatible with 
the basic equations of the theory of elasticity. Since the problem un- 
der consideration is also a simple elasticity problem, the components 
of the stress tensor (5.65) identically satisfy the Beltrami-Michell 
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relations. The components of the stress tensor (5.65) also satisfy 
the equations of elastic equilibrium. 

On the lateral surface of the bar, where ng = 0, from formulas 
(2.22), with (5.65), we have 


Tri = Tro a Trs = 0. 


Thus, the lateral surface must be free from external forces, which 
is actually the case. 

At the extreme sections, where cos (£3, z,) = cos (£3, £) = 0, 
cos (£g, 23) = + 1, from formulas (2.22), with (5.65), we have 


ne = m2 = 0, n3 = aTi. (5.66) 
Formulas (5.66) show that there must be only normal stresses distri- 


buted according to law (5.66) at the extreme sections of the bar. 
The resultant vector and the resultant moment of these forces are 


v=f O33 do = a f zı do, 
© 


o 


L= f Ost, dw =a f Zıx dO, 
a oO 


L= j Og3%, dw = a f z? do. 


o o 


Taking into account that the oz, and oz, axes are directed along the 
principal centroidal axes of inertia of the cross section, the static 
moment with respect to the ox, axis and the product of inertia of the 
cross-sectional area with respect to the ox, and ox, axes are zero, we 
have, finally, 

L, = al, 


where J is the moment of inertia of the cross-sectional area with 
respect to the neutral axis oz, 

The transmission of external forces according tolaw (5.66) is 
impracticable; hence, based on Saint Venant’s principle, instead of 
these forces one can take a load in the form of bending moments 
so that the equivalence condition is fulfilled, i.e., 


al = M, 
from which 
M 
a= T’ 
and hence, 


M 
033 a Tu: 
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By the generalized Hooke’s law, the components of the strain 
tensor are equal to 


v vM 
11 = la = — F 0337 ET 
M 
€33 = EI Ti, (5.67) 


e13 = Cog = C31 = 0. 


We place the origin at the centroid of the left extreme section and 
fix the bar at it so as to satisfy the conditions 


From (3.44), using the fixing conditions and formulas (5.67), we ob- 
tain, after some manipulation, formulas for the determination of 
displacements: 


M 
ET a 
u= — Fr Lifa (5.68) 
M 
Uz = Fr EI Tige 


As formulas (5.68) show, the axis of the bar z} = z, = 0 before de 
formation, remaining in the ozz plane called the plane of bending, 
is distorted into a ee after deformation: 

y= T dir Ug =Us=0, 
The curvature of the elastic line is, neglecting small quantities of 
higher order, 


1 du 
| Gee Sink 
R dz 
Substituting the expression for u,, we obtain the formula 
DeM, 
R EI’ 


which determines the curvature of the axis of the bar proportional 
to the magnitude of the bending moment. Since the curvature is 
constant, the elastic line, parabola, may be replaced by a circle, 
neglecting small quantities of higher order. 

As follows from the formula for the displacement u,, any cross 
section z3=constant transforms into a plane section after defor- 
mation. 


CHAPTER VI 


The plane problem 
in the theory of elasticity 


4 


The solution of elasticity problems for the general case of three- 
dimensional bodies involves great mathematical difficulties; we are 
compelled by this circumstance to turn to the solution of more or 
less wide classes of special problems, one of which is the plane prob- 
lem of elasticity. The latter comprises three cases of elastic equilib- 
rium of a body having great practical significance, viz. plane strain, 
plane stress, and generalized plane stress. 


39. PLANE STRAIN 


The deformation of bodies is described as plane strain if the dis- 
placement vector of any point is parallel to a certain plane called 
the plane of deformation and is independent of the distance of the 
point under consideration to this plane. 

Suppose that a body is subjected to plane strain parallel to the 
02,2, plane; then 


Uy = Uy (Ti, Za), Ug = Ug (24, Tq), Ug = Q. (6.1) 


Inserting (6.1) in formulas (3.26), the components of the strain tensor 
are obtained as 


_ OU ĝus , ĝua j; 
» C= Gr RST x ($e ta 


the latter are in general different from zero and independent of zz, 
and the remaining components are 


ei == (6.2) 


Cas = C31 = ezg = l. 
The volume strain is then a to 
i _ ĝu {a 
~~ Gay +r 
and is also a function only of the a z, and zp. 


In this case the formulas of the generalized Hooke’s law take the 


form 
On = AO, + 2em, Oa = AO, + 2ye, 


Oia = 2er Ogg = Fg, = 0, Ogs = M0, (6.3) 
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Consequently, in plane strain the stress tensor consists, in general, 
of four non-zero components depending on two arguments, z, and 
£ Because of the presence of the component Ogs a state of plane 
strain is achieved. It can easily be shown that for a body in plane 
strain the number of independent components of the stress tensor 
is three. Indeed, by adding the first two formulas of (6.3), and using 
the fifth formula of (6.3), we obtain 


À 
3 =F Tp) (O41 + O22) 
from which, with (4.41), we have 


Oss = V (On + 022). (6.4) 


In the case considered the differential equations of equilibrium 
(2.25) become 


Su 4 Bi + pF, =0, Pu 4 Ft + pF, =0, F;=0. (6.5) 


Oz; 





These equations show that the mass force applied to any point 
of the body must be parallel to the plane of deformation and inde- 
pendent of the zs co-ordinate. 

Lamé’s equations (5.6) are also accordingly simplified and take the 
form 


(A+B) =~ aA 


(+0) EE =O 
here A is the two-dimensional Laplacian operator. 


Of Saint Venant’s strain compatibility conditions, as is easily seen, 
there remains 


= + pu +pF,=0. 
(6.6) 


Peu Zen =? Per, 6.7 
an —st+ 6x02," ( x: ) 








the other five conditions are sl identically. 
For an isotropic homogeneous body the compatibility equation 
ne in the absence of body forces becomes, by virtue of (6.3) and 
A (O + 022) = 0. (6.8) 
Indeed, from the formulas of Hooke’s law (6.3), with (6.4), we have 
1 À 
eu = 3, usp (015 +022), 
4 À ‘ 
e2 = oe ee (O21 + 92)]. (6.9) 


eig = a O49; 
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on the other hand, from the differential equations (6.5) with F, = 
= F, = 0 we have 


al) Zon | Poa n= CKT (6. 10) 


A za 02102, ° 





Substituting (6.9) in (6.7), and using (6.10), we arrive at Eq. (6.8), 
which is called Lévy’s equation. 

Taking into account Hooke’s law in the form of (6.9), the strain 
aad condition ae may be given a new representation 





a 5 [ouv (O41 +022)] +> y (9 (011 + 022)] = 2 roe . (6.11) 


From the definition of a strain it follows that. it is exactly 
realized in a prismatic body of infinite length with straight axis 
when the surface and body forces lie in the planes of cross sections 
and are independent of the co-ordinate along the axis of the body. 
When a prismatic body is of finite length, plane strain is not exactly 
realized in it. The longer the body, the more nearly does the defor- 
mation approach plane strain provided that the ends of the body 
are acted on by forces distributed according to the law o33 = AQ. 

Since, by definition, the conditions on the lateral surface of a pris- 
matic body are independent of the z co-ordinate, the boundary 
conditions are prescribed on the contour of one of the cross sections 
or on several contours if the section is multiply connected. Thus, 
the system of differential equations of equilibrium (6.5) and rela- 
tions (6.3), together with contour conditions, describe simpler elas- 
tostatic problems (Sec. 34); here again, three fundamental two- 
dimensional boundary value problems may be distinguished. `` 

According to (2.22), the contour conditions for the first funda- 
mental boundary value problem are written as 


On + Oina = Lair (6.12) 
Ora + Oana = Lng 


The differential equations of equilibrium and Lévy’s equation as 
well as the contour conditions (6.12) in the absence of body forces 
contain no elastic constants of material. Consequently, in the case 
of plane strain in the absence of body forces the state of stress in 
the body at any simply connected section parallel to the plane 
of deformation is determined by the forces prescribed on the 
contour of this section, its shape, and is independent of the mate- 
rial properties. 

If the section is a multiply connected region, the independence 
of the state of stress of the material properties is ensured by the 
additional condition that the external forces applied to each of the 
boundaries of the region should be balanced. (The proof of this pro- 
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position will be given somewhat later.) This statement constitutes 
the theorem of Maurice Lévy, which underlies the determination 
of the stress tensor on models from a material of different elastic 
properties. 
In plane strain we obviously have 
ĝuo Ou, 


20143 = FEA Ory ’ 2023 = 0, 2043 = 0. 





For convenience, ©, will be further denoted by ws. From the formulas 








OU, Ou, _ OU, | Ôu 
203= 0a, Ot,” Oz, | Ox,’ 
after determining the expressions 
_ 00; 00 a 
Au =? Ox» ’ Au, =- -+2 


and substituting them in Lamé’s sation of Soe (6.6), 
we obtain a system of differential equations for 0, and œ; in the form 


(A+ 2p) 2 au — 2 32 + pF i= 0, 
(A+ 2p) > w L 4 E + pF, = 0. 


Assuming Ff, = F, = 0, dias last tee become 
óð,  do* 8, _—__—u* 


Oz, + Ox,” Oy Oz, ! 











where w* = x oF ©. These equations constitute the Cauchy-Rie- 


mann differential relations, and hence the functions 8,, w* are 


conjugate harmonic functions. ý 
3 


40. PLANE STRESS 


A state of stress in a plate is 
said to be plane if the stress % 
vector on planes parallel to the 
bases is zero throughout its ~ 


volume. x 
Let the middle plane. of the Fie. 16 

plate of thickness 2h be taken a 

as’ the co-ordinate plane Oziz, (Fig. 16). By definition, 


O13 = O23 = Ogs = 0; 


re i systom of differential STAROS (2.25) assumes the form 
o 
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Since os; = 0, for an isotropic body we have 


4 (941 | u2 | Ous Oug _ 
Oss =A (4 Se) + 2u zz =. 
Inserting, from this, the value of Hs = 3 in terms of Sut ! and set i in the 


remaining formulas of Hooke’s law, we obtain hime Between 
the components of the stress and strain tensors in the form 


Ou = At (s+ +322) + 2 Ou, ; 


Ox 1 Ox 2 On, 


6.13) 
ô ô ô ( 
Oz = A* (= =+ a) +2 Vogts 
ĝu, | Is 
On =p (2 Bq +3) . 

Oils N (Oy Oty 

dt, A+ 2p (= AA , 6.14 

OU, | ug oe mapio (6.14) 

A Tr T Bey Pry 0, Oxy 
where 

Pap 
= A+ 2p 


As seen, formulas (6.13) are obtained from the first three formulas 
of (6.3) by replacing Lamé’s coefficient À by the coefficient A*. 
Substituting (6.14) in Eqs. (5.6), we obtain 


(+) Sot + pA pF, =0, 
(O*+p) Get HAs + pF, =0, F=. 


Here fea alg ese 
~~ Ox? * ðr’ 


These equations differ from Eqs. (6.6) only in that the coefficient 
À is replaced by the coefficient A*, and are three-dimensional. 

Thus, in spite of a considerable simplification in the basic equa- 
tions for the plane stress problem, the problem remains three-dimen- 
sional since the x, co-ordinate is not eliminated from the foregoing 
equations. For the case when the plate thickness is sufficiently small, 
however, L. N. G. Filon propounded an idea permitting the reduc- 
tion of the problem to a two-dimensional one. The idea is that the 
calculation of the means of the displacement vector and the stress 
tensor in a thin plate gives a reasonably accurate solution of the 
problem of! plane stress; the latter, following A. E. H. Love, is 
termed ‘generalized plane stress’. 
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41. GENERALIZED PLANE STRESS 


Suppose now that a plate of height 2h is loaded on the lateral 
surface by external forces parallel to the bases and symmetrically 
distributed with respect to the middle plane; the bases of the plate 
are supposed to be free from external forces. Assume further that 
the component of the mass force perpendicular to the middle plane 
of the plate is zero, and that the other two components are disposed 
_ symmetrically with respect to the middle plane of the plate. The 
state of stress set up in such a plate is called generalized plane stress; 
it is often encountered in applications and is a practically important 
case. 

By condition, on the bases z = th 


Tr = %3 =9, Tag = O23 =9, Tas = O33 = 0, (6.15) 


and on the lateral surface of the plate 7,3 = 0; also, F; = 0. 
From the third differential equation of equilibrium 


Ox, 








+ Bee, 4 2008 wu Bary ear 


OL, 
using conditions (6.15), for z = + h we have 


0033 == 
“a, N; 


Consequently, the derivative of Oş with respect to the z3 co-ordi- 
nate, as well as O3, vanishes when z3 = + h; hence, if the plate 
thickness is sufficiently small, Oz is very small, and we may as- 
sume 03; = 0 throughout the plate. 

It is obvious, by symmetry, that the projection of the displacement 
vector of any point of the middle plane on the oz, axis is zero and is 
an odd function in z3; hence, its mean value is už = 0. We also as- 
sume that the variations of the projections u, (zi, 2%, 2s), 
Uy (Z1, Z2, L3) across the thickness of the plate are small; instead of 
U,, Ua we may therefore consider their mean values across the thick- 
ness, which are determined by the formulas 


h 
di3, j= he j; Uz dX. (6.16) 


pees 
oh 


ae 
m 


Now multiply both sides of the system of differential equations of 
equilibrium (2.25) by (2h)-'dz3, and integrate with respect to the 
23 co-ordinate between the limits —k and +k; then, by conditions 
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(6.45), 





h 
4 0043 Anl h 
xx | az, dzz = =, [013]-n=0, 
a 





h 
1 i boas 7, A h 
th | “Oty dx; = -zy [023]-n=0 


We finally obtain (remembering that o,, = 0, F; = 0) 








Ah Sb + pFt=0, Gh oh ah +pFt=0, (6.17) 
dot, , dof 
TA 4- TA =0, (6.18) 
where ay 
17 i 
=z, J O41 Eg, ase, F=- | F, dig 
-h -h 


are the mean values of 04,,... , Fa across the thickness of the plate. 

It follows from the definition of plane stress that uy, Us, O14, O29, O21 
are even functions of z3, and 043, O23 are odd functions. Consequently, 
the mean values oñ, 03, are zero, and Eq. (6.18) is an identity. 

By averaging the values of the given external forces on the lateral 
surface of the plate across its thickness on the contour of any section 
parallel to the bases (or on the contours if the section is multiply 
connected), we have 


* * * 
ofina + Of 2% = Thi, 


ofna + 032na = Tha, (6:19) 


where 
sgt ni dx3; T= 3, f T ng A235. 
- -h 


Transforming to the mean values, and noting that O33 = 0, from 
the formulas of Hooke’s law (6.13) we obtain ; 
ou* ô 
of, = 4*0f + 2u a ob, = A*OF + 2p ss, 


(6.20) 





i ðuž ôðuž 
k 1' 2 
O42 ja u ( OL, + Ox, ) , 
where -use has ‘been made of the notation 


ož = Out out 
= Gx, | ðr * 
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Relations (6.20) between the mean values of the components of the 
stress tensor o%,, 0%, Of, and the derivatives of the mean values of 
the displacements už, už in generalized plane stress differ from 
relations (6.3) in plane strain only in that the constant A* takes the 
place of Lamé’s elastic constant. 4. The differential equations of 
equilibrium (6.17) and the contour conditions (6.19), which must 
be satisfied by o%,, o%, o%,, completely coincide with the differential 
equations of equilibrium (6.5) and the contour conditions (6.12) 
in plane strain. Consequently, for generalized plane stress Lamé’s 
equilibrium equations and the Beltrami-Michell relations for the 
averaged values are written as in plane strain, (6.6) and (6.11), 
the only difference being that A* stands for À. 

Thus, we come to a very important conclusion that plane strain 
and generalized plane stress, being essentially different problems 
of plane elasticity, are mathematically identical. 


42, AIRY’S STRESS FUNCTION 


The solution of problems of plane elasticity is considerably simpli- 
fied if body forces are disregarded either because of their smallness 
or remembering that a problem involving body forces can always 
be reduced to a problem with no body forces by finding some par- 
ticular solution of the corresponding non-homogeneous differential 
equations of equilibrium. In the following discussion it will be as- 
sumed that there aré no body forces. 

In the plane problem of elasticity an auxiliary function first intro- 
duced by G. B. Airy plays an important part. It should be noted 
that owing to the introduction of this function an efficient method 
has been developed for the solution of problems of plane elasticity. 

In the absence of body forces Eqs. (6.5) become 

0014 0012 0012, O22 
FEA + rs =0, aa oe (6.21) 
The first equation of (6.21) shows that the expression o dz, — 


— 0, dz, is the total differential of a certain function Q (x, zə); 
hence, 








ôi OP . 
O = -2 » 25 Or, ° (6.22) 
Similarly, from the second equation we have 
oP ô 
0i = ~ Bey? m=, (6.23) 


where P (x,, £) is some function. Comparison of these formulas for 
the same quantity gives the relation , 
Q _ oP 
Ot, ôT? 
8* 
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which shows that the expression P dz,+Q dz, is the total differential 
of a certain function ® (2,, z,), so that 


whence 


ôD 
=e O= 
Substituting the values of P and Q in formulas (6.22) and (6.23), 
we obtain 


Gt aD eo 
u= Sr 0S — Farge,» a= Far (6.24) 





These formulas were first obtained by G. B. Airy. The function 
® (z1, z) is called Airy’s stress function. 

Obviously, if it is assumed that relations (6.24) hold, Eqs. (6.21) 
are satisfied identically. Besides, as is known, for Oig, O22, and 04, 
to correspond to the actual state of stress, they must satisfy the 
compatibility conditions (6.8), i.e., 


A (04, + O22) = 0. (6.25) 


On the other hand, from ia (6.24) we have 


aD 
O44 + O22 = oe e+ oa = A®, 


Taking into account the last equality, from (6.25) we obtain, finally, 
AA® = 0, (6.26) 


where 
as ðt a4 
AA= x4 + detach + Bak 


In the following discussion it will be assumed that the stress funce 
tion has continuous derivatives up to the fourth order in the region. 

Thus, for the stress function to determine an actual state of stress, 
it is necessary and sufficient that it should be biharmonic. 

Let us now derive contour conditions that must be satisfied by 
Airy’s function. Assuming that the external forces Tni, Tno are 
given on the boundary of the region under consideration, we trans- 
form the contour conditions (6.12). It will be assumed in what fol- 
lows that the contours are simple, i.e., not self-intersecting, and rea- 
sonably smooth. 

We express n; and n, in terms of the derivatives of the co-ordinates 
zı and zx, with respect to the arc length l measured in the positive 
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sense along the contour under consideration. Referring to Fig. 17, 
we have 
me Ng = nii (6.27) 


Inserting (6.24) and (6.27) in the contour conditions (6.12), we obtain, 
on L, (r = 0, 1, 2,..., m), 
PD dr, PO dry 
Oxi dl ' 6x,0x, dl Y 
ôD dr, #Odz, -T 
n2 


or 
d ôD d /ô® 
a (Ta) Ta (Gey) = Tr 


(6.28) 


For an arbitrary point N of the con- 
tour L, we introduce the notation 


a ôT | B, (6.29) Fig. 17 


0x, |N rI Ox_ |N 











By integrating equalities (6.28), we then obtain 


M M 

oD oD 

A-| T, al, aes Try dl. (6.30) 
N 


Thus, the increments of the functions eee in passing from N 


0x,’ Oz, 
to M (these points lie on the same contour) are, respectively, equal 
to the projections on the ox, and ox, axes of the resultant vector of 
the external forces applied to the contour between these two points. 
With formulas (6.30), it is easy to find the derivatives 





ôb a a aD dz; 
“gl bay ae! Oey dk (6.34) 
ao aD kd aM dz, (6.32) 


“on Oy dn ' ôr, dn° 


Inserting the values of 2 , om ® from (6.30) in (6.34), and inte- 
grating the result thus obtained with respect to l, we have 
M 


M 
= : dx. ` idz: z : 
O=C,+4,2,+B a+ [- af Taa d+ a dl | di 
(6.33) 
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Formula (6.33) shows that if we are given the values of the external 
forces on any contour, the value of ® can be calculated at any point 
of the same contour, apart from an additive linear expression of the 
form 


C, + Apt, + Byty. 


It should be noted that this expression drops out for the components 
of the stress tensor calculated by formulas (6.24). 

If the given region is simply connected, Co, Ay, and By may be 
taken equal to zero on the contour Zo. If the region is multiply con- 
nected, taking the constants C,, B,, and A, to be zero on any one of 
the contours, we cannot choose the others arbitrarily. 


Substituting the values of ae a from (6.30) in (6.32), we 
1 2 
determine the value of the normal derivative 





$m (4,—[ Tonal) S24 (B,+ | raie (6. 
N N 


from the given external forces applied on the contours. 

Thus, the solution of the plane problem of elasticity is reduced to 
the determination of a biharmonic function from the known contour 
values of this function and its normal derivative. 

On passing once round any closed contour, we have, by formulas 
(6.30) and (6.33), 


so = — $0 d= Ve, 

i ° (6.35) 
ôD . 
Fer =O Tn di=V, 

M M 





=$ [—a | Tyg dl} 5 Tm a | dl, (6.36) 


where V, and V, are, respectively, the projections on the oz, and 
ox, axes of the resultant vector of the external forces applied to the 
contour under consideration. By integrating (6.36) by parts, we ob- 
tain 


D = —24yV_4 ton Vi + $ (tT na — tT ps) dl, (6.37) 


where qıy and zy are the co-ordinates of an arbitrary point N of 
the contour under consideration L, from which a complete circuit 
is started. The third term in (6.37) determines the value of the re- 
sultant moment of all external forces applied to the given contour 
about an arbitrarily chosen origin of co-ordinates. 
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Formulas (6.35) and (6.37) enable one to establish conditions for 


single-valuedness of the function ® and its derivatives “ ; a ‘ 
2 
The function ® and its derivatives z ; au are single valued if the 
2 
resultant vector and the resultant moment of the external forces 
applied to every contour of the region are each zero; if the resultant 








Fig. 18 


vector is zero, the function is not, in general, single valued, and its 


è : ôD ôD . F à 
derivatives Fa,’ Jz are single-valued functions; if, however, the 
4 2 


resultant vector is not zero, both the function ® itself and its deri- 
vatives are not single valued. 

A number of interesting solutions of Eq. (6.26) can be obtained by 
assigning Airy’s function in the form of polynomials of different 
degrees. As the simplest example we choose Airy’s function in the 
form of a second-degree polynomial, which obviously satisfies Eq. 
(6.26), 


1 4 
aE aati + batita + pa Cos. 
In the absence of body forces the components of the stress tensor are, 
from Airy’s formulas (6.24), 
O11 = Coy Sgn = Gay Or = — Oz. 


Thus, all three components are constant in the entire region. For 
arectangular strip with sides parallel to the co-ordinate axes (Fig. 18), 
the forces applied to the contour where œu = + 1, a. = + 1 are, 
by formula (6.12), 


Ty = On = Co Tiz = Oy. = — bg, Top = Ong = Qe. 
Equation (6.26) is also satisfied by a third-degree polynomial 
b d. 
D=- ah + 2 ahr, +B ryt} + x. 
On the basis of formula (6.24) the stress components are 


On = Coty + dfo, Ong = Agty + dhe, 
O12 —) = bgt = Calo. 


(6.38) 
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Assuming cz; = a3 = b3 = 0, d = 0, we obtain 
O71 = dafas O22 = 0, O12 = 0. (6.39) 


This system of components of the stress tensor corresponds to pure 
bending of a rectangular strip by external forces applied at both its 
ends, x, = 0, zı = l. These external forces must be equal, by for- 
mulas (6.12), to —d 37, at the end z, = 0 and to dzz, at the end z, = l. 
The resultant vector and the resultant moment of these forces are 
obviously given by 

c c 


Pus i ondra =0, M=8 f oyta dt, == dye. 


ve -c 


Here ô is the thickness of the strip, 2c is its depth. 

By Saint Venant’s principle, the solution found above is also 
applicable well away from the ends of the strip when, instead of 
the external forces applied at both ends of the strip and distributed 
according to law (6.39), there are statically equivalent couples of 
moment M, the state of stress differing from (6.39) near the region 
of application of the couples. If the only non-zero coefficient is a3, 
the non-vanishing component of the stress tensor is the normal stress 
Oo = azt. If, however, only one of the coefficients bz, c; is different 
from zero, say c Æ 0, there is a shearing stress o} in addition to 
the normal stress o,,. When use is made of polynomials of higher 
degree than the third, the biharmonic equation is satisfied for certain 
relations between their coefficients. 


43. AIRY’S FUNCTION IN POLAR CO-ORDINATES, 
LAME’S PROBLEM 


The equilibrium equations for the plane problem of elasticity in 
a polar co-ordinate system become, on the basis of Eq. (2.30) in 
the absence of body forces, 


Arr » 1 rp | Ir _ 














+— ’ 
ô r ô r 
i x (6.40) 
1 Ogo Cia 2 o =—0 
T Op or r To 
The solution of this system may be taken in the form 
4 10D , 1 2D _ D 
r= op 7 age? op = Fp 
A i (6.41) 


where @® (r, ọ) is Airy’s stress function in a polar co-ordinate system. 
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The first two relations of (6.41) must satisfy condition (6.25), i.e., 
A (Orr + Gog) = 9, (6.42) 


where A is the two-dimensional Laplacian operator in a polar co- 
ordinate system 
ð? 1 ô 1 8 
A= oat or te ag 
Substituting the expressions for 0,,, Ogg from (6.41) in (6.42), we 
obtain a biharmonic equation for the determination of Airy’s func- 
tion: 
02 1 ô 1 & PO 1 ôD 1 D 
(sata tarag) (art pat ar) =o (64) 








In the case of a symmetrical distribution of stress about the origin 
Eq. (6.43) takes the form 
do 2 dD 1 ËO 1 dD 


drt r drè r? dr? r3 dr i 





and the general solution is 
© = A lnr + Br lnr Cre +D. (6.44) 
Substituting (6.44) in formulas (6.41), we obtain the components of 


the stress tensor in the case of a symmetrical distribution of stress 
about the origin: 


or= 4-4 +B(14+2lnr)+2C, 


o= —A- +B (3 +2lnr)+2C, (6.45) 
Org = 0. 

If the point r = 0 belongs to the region, A and B must be taken equal 
to zero to make the components of the stress tensor bounded; then 
Orr = Ogg = C. 

The problem of the deformation of a hollow circular cylinder sub- 
jected to a uniform pressure on the inner and outer surfaces was 


first solved by G. Lamé. The solution of this problem can easily be 
obtained from relations (6.45) subject to the boundary conditions 


Orr = — pı on the cylinder r = r, (6.46) 

Orr = — p: on the cylinder r = r, l 
where 7,, ro are, respectively, the inner and outer radii of the cylinder. 
The determination of the coefficients A, B, C requires a third con- 


dition in addition to two boundary conditions (6.46). The third con- 
dition is the independence of the projections of the displacement 
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vector U,, Ue of the polar angle @ since the independence of the com- 
ponents of the stress tensor of the angle p does not necessarily lead 
to the independence of the displacement vector of the polar angle 9. 
In the case of plane strain u, and u, are determined from the formulas 
of Hooke’s law: 
ður _1-++¥v 
oF E 
=E BI —4y) +21 —2v) Inr] +26 (4 —2v)}, 


[(1 — v) Orr —V0 gq] = 








er ge R [ — vor + (1 —v) Ogg] = 
= (4 BI8—4y) +2 (1—2) nr] +. 2C (1—2)}. 
From these relations we find 
w= {4 —Bit—2(1—2v) Inr]r+2¢ (1 —2v)r} + f (9), 
< (6.47) 
tp =U") Bro- | fo) dp +g). 


Here the functions f (p) and g (r) are to be determined. 
Since the projections of the displacement vector u,, ug must be 
independent of ọ, we have to put 


f(g) =0, B=0. (6.48) 


On putting B = 0 in relations (6.45), from the boundary conditions 
(6.46) we find 


4420=—p, HC p 
1 2 


By solving this system of equations, we obtain 


_ (Pe— P) riri = r?P1 — rPe 
A= a o OS om) 


Inserting (6.49) in (6.45), the stress components are, finally, 


_ irk (Po—Pi) 1 , T}P1—T3P» 
Tr —~ aLr r2 rera > 
eal PAR (6.50) 
o, Tir (Po— Pı) 1 , TiPy— "2P 
BEE riri noo rori 
Substituting (6.49) in (6.47), we have 


4 1 
=p P pa H (1—2) (rip ripa)r], 


Up =g (r). 


u 


(6.51) 
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Since 6,9 = 0, it follows that 


du, u 
Derg = 2- (2-7) =0, 
and then 
dg (r) _ dr 
gm) o o or? 
from which 
g(r) =q, 


where q is an integration constant. 

Thus, the tangential projection of the displacement vector ug 
represents a rotation of an absolutely rigid body. 

Let us now consider the problem of determining the state of stress 
in a thin concentric circular disk rotating with a constant angular 
velocity œ. The disk is acted on by the volume force pF, = pw?r. 

Noting that here. thig deformation is symmetrical about the pole O, 


we have uy = 0 = 0. Hence, from formulas (3.29) and (2.30), 


, a 
Cee =% >» p5 an ’ (6.52) 
Son 4 Tre + pwr =0, (6.53) 


Taking into account (6.52), from (3.40) we obtain the strain com- 
patibility equation in the form 


=0 





1 d ( ey derr 


T dr dr “ar 
or 


d Wc 
dr r- + (Coo < err) | =0. 


The last relation is satisfied if 


dego 


4 
= L (err — eyg). (6.54) 


By using the formulas of Hooke’s law (5.27), and noting that 
O33 = 0, Orr = Orr (r), Cog = Foe (r), we rearrange relation (6.54) 
in the form 





doo dorr omy My v 
aw ap pe Oe eels 





Substituting in this equation the expression for 6,, — Og, from 
(6.53), we have 


App nnna 


7 7 — (1 +v) po?r. (6.55) 
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Differentiating (6.53) with respect to r gives 


a dorr dorr _ 29g oa 
ra dr )+ dr ar + 2p0*r = 0. 











Substituting (6.55) in the last equation, we find 


= if (on) |-+(8 ++) pwr = 0. 


Integrate this ae 


=A4+S —2t SEY sorre, (6.56) 
From (6.53) and (6.56) we have 
Opp = A— 5 — tti pw?r2, 


To find the constants A and B we have the following boundary 
conditions: 
O, = 0 on the cylinder r = ry, 


o,, = 0 on the cylinder r = ry. 


From this 


3+7 3—0, 





Aa 
A+ — 24° pori =0. 








The solutions of this system of equations are 


A=* prir, B= 


2 
pw?rsrs. 


Consequently, 
Opp = EY pw? (r+ri—r— 43) ; 
po = f- = [e+ (a+r) — 1 +3072]. 


On the basis of these formulas it is easy to verify that the stress 
ð, is tensile and attains a maximum value at r = | rırą The stress 
Oo is also tensile and its maximum value occurs at r = r}. When 
the hole is very small (rı < ra), the stress Oyo changes abruptly at 
its edge, i.e., stress concentration occurs. It follows from the second 
formula of (6.57) that 


(6.57) 








3+7 
o” =E porh, 
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If the disk is solid (r, = 0), we must take B = 0 to obtain a bound- 
ed solution; then 


Orr = ote pw (r3—r?), Ogg = fo [(8+ v) r3—(4 +3v) r?]. 
In this case we have, at the centre, 


3+7 
Orr = Ogo = =g POT. 





Thus, in a disk with a very small hole the stress 04, at its edge is 
twice that at the centre of a solid disk. If the wall of the disk is very 
thin, it is permissible to put r, & r,; it follows from the second for- 
mula of (6.57) that 


— o?r? 
Opp = POTS. 


As a sample problem let us investigate the distribution of stress 
and displacement in a circular bar under pure bending (Fig. 19). 
Since the stress tensor is inde- 
pendent of the ọ co-ordinate, 
the stress function is taken in 
the form of (6.44). We formu- 
late the boundary conditions 
of the probl 


Orr =0 when r= R,, 
0,,-=0O when r=R;, | 





Ry 

l Spor dr =M when ọ me Fig. 19 
ees Ar 

On the basis of formulas (6.45) these conditions may be put into the 
form 


yg At (14+2in RB) B+20=0, 
m A+(14+2ln Ry) B+2C=0, 
— Aln E +B Rin R,— Ri ln R, + R?— R?) + (R?— R3) C =M. 
The solutions of this system of equations are as follows: 
A= RiR n Ze, 
B= — 2 (R— R), 


C=- [Ri— R} +2(R}In R, — R? 1n R,)], 
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where , 
D= — (R}— R?) + 4RR} In? Ža, 
2 
Thus, 
4M / RR} R R 
Or = — p (at Int HRA ln g HRA na), 
2 
Cog = A (PERE In Ft + Rin + REI 2 + RI R). 


We now determine the displacements u, and ug. For the given prob- 
lem the formulas of Hooke’s law, with (4.50) and (3.31), become 


Gun = (1 +v) Ar? +2 (1—v) Blnr+ (1—3v) B+2(1—vw) C], 


1 fug up 1 


T t= FI-(t +y) Ar?+2(4—v) Blnr+ 
+(3—v)B+2(1—v) C], (6.58) 





1 ĝus 


Up üg 
Tarp r 


r 


On integrating successively the first and second equations of this 
system, there results 


u, = [— (1 +y) Ari 4+2 (1 —v) Br Inr— (1 +y) Br + 
+2(1—v) Cr] + f; (9), 
Ug =e ro —fi (0) + fa (r). 


Taking into account these relations in the third equation of system 
(6.58), we obtain 


LRH flo- fat) =o. 
From this 
A@+AN@M=C, rh(r)—fh(r)=—C. 
The general solutions of these two equations are, respectively, 
fı (p) = Pi sing + P cosp +C, f(r) = Psr + C. 
We thus have i 
uy =e [— (4+.v) Aro! + 2 (1—v) Brinr—(4+v) Br+ 
+2(1—v)Cr]+ Pı cos ọ— Py sin 9, 


Ug = “2 rp—P, sin p— P, cos p+ Pyr. 
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To determine the constants P,, Pa, and P3 we must take some point, 
say O, and fix the bar so as to eliminate its motion as a rigid body, 
i.e., we must put, at this point, 


ou 
ür = Uy = = = 0. 
Then 
P,=—=[ (t+) Aga or +2(1—v BEL In a 


—(1+») B E42 yežgan, 
P= P; =0. 
The displacements become, finally, 


=FI(-( ++) Art + 2 (1—v) Br lnr—(14+ v) Br + 
+2(1—v) Cr]+ P, cos 9, 


up = 2 rọ— P; sing. 


It is seen from the formula for the displacement ug that the cross 
sections remain plane in pure bending. 


44. COMPLEX REPRESENTATION OF A BIHARMONIC FUNCTION, 
OF THE COMPONENTS OF THE DISPLACEMENT VECTOR 
AND THE STRESS TENSOR 


In the preceding section the solution of the equations of plane 
elasticity was reduced to the boundary problem for the biharmonic 
equation, which is satisfied by Airy’s function. The methods of 
complex function theory may also be used to advantage in the solu- 
tion of the equations of plane elasticity. The application of these 
methods was first given in fundamental investigations of G. V. Kolo- 
sov and N. I. Muskhelishvili. The complex representation of the 
general solution of the equations of plane elasticity was very fruitful 
for the effective solution of the basic problems in plane elasticity. 

In Sec. 32 it was shown that the volume strain for an isotropic 
homogeneous body in the absence of body forces is a harmonic func- 
tion; in the case of plane strain we have 


a0, , 30 
Sa tat (6.59) 


or} 
The complex representation of solutions of this equation is most 
easily obtained by writing it in complex form 
a0, 
0202 








=0, (6.60) 
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which is directly obtained from (6.59) by introducing new independ- 


ent complex variables z = x, + iz, and z = z, — ix, instead of the 
variables x, and z, where 


iii apd gy, Sel ade) 
Oxy O25 oz 2 NOX, OL, 


az 
We find from Eq. (6.60) that in a certain region of the plane of the 
complex variable z the harmonic function may be represented as 


N 1 , 7) 
Me (2) +g (2)], (6.61) 
where ọ (z) is an analytic function of the variable z. 
By multiplying the second equation of (6.6) by the imaginary 
unity i, and adding to the first, with F, = F, = 0, we obtain 
: a 
uA (u + tata) + (A+ p) (3 +i x) 0 =0. 
Noting that 


o? 0 0 0 
A = 4 — — +i — =2 — 
0202’ aa, 1 Ox, az” 


the preceding equation is written in complex form 


GE (ii Fita) h: 08 
2u —— ~: 
uoa AFE) 0. 


By integrating this equality with respect to the argument z, we 
obtain 


2p rta L ty) = 1 (2), (6.62) 


where q, (z) is also an analytic function of the variable z. 
Transforming in (6.62) to conjugate expressions, we have 


ô (uy 


opia E Ap) 0, = pr (2). (6.63) 


By adding together equalities (6.62) and (6.63), and using, along 
with the relation 


9 pp tEn pru ea) 7 Qu (Z + 2) = 2p, (6.64) 
. 02 - 


Ox, 


expression (6.61), we find 


© 24+ 2p) =F 9 (2) +9 @Ol=91)+H@, (6.65) 
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from which 


qi (2) == SEP) o (2) + ic; (6.66) 


here c is a real constant. 

Substituting the last formula and also formula (6.61) in equality 
(6.62), and integrating the result obtained, we have 

2u (us + iva) = Hq (2) —29 C) — P E) + icz, 

where n= =3— 4v; p(z) is an analytic function of the 
argument z. 

Rejecting the term icz, which gives only a rigid-body displace- 
ment, we obtain an important formula for the complex representa- 
tion of the displacement in a state of plane strain 


2p (us + iu) =xọ (2) — 29" (2) —P (2). (6.67) 


This formula also expresses the displacement in the case of generaliz- 
ed plane stress in a thin plate if x is replaced by x* defined by the 
relation 





* A*+3n _3—7v 
+p 14y’ 
Since v < 0.5, it follows that x > 1 and x* >1. 
We now proceed to the derivation of formulas for the complex re- 
presentation of stress components by means of the same pair of ana- 


lytic functions ọ (z), p (z). For this purpose we write down the for- 
mulas of the generalized Hooke’s law (6.3) in complex form as follows: 


O11 +099 = 2 (u +A) 01, 
O22 — O44 + 2i01g = 2p (e22 — e11 + 2ie)=—2-2 [2p (u; —ius)]. 








(6.68) 


Taking into account (6.61) in the first formula of (6.68) and equality 
(6.67) in the second formula of (6.68), we obtain very important 
relations giving the complex representation of the components of 
the stress tensor in a state of plane strain: 


Ou +023 = 2 [P (2z)-+ p’ (2) =4 Re [p (2)], 
Og, — O11 + 2io1 = 2 [zq" (z) + 1p" (2)]. 


Formulas (6.67) and (6.69) have found wide application in plane 
elasticity; they are useful for the reason that the properties of the 
analytic functions involved in them are well studied. 

Let us now express the stress function ® (z,, z) in terms of the 
same analytic functions ọ (z), p (z). 


9—0884 


(6.69) 
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From formulas (6.24) we have 
O11 H02 = AP =4 Z. > Oz — 041 +2ion=4 2. 
From these formulas, with (6.69), we obtain 
22 =9'@+9@, 22 W +T. 


By integrating the first equation with respect to z, and the second 
with respect to z, we find 


22e) +27 O+H@, 
2 D+ +a). 


On comparing these equalities we have 
(2) — ga (2) = (2) — g1 (2). 





From this 
gi (Z) =Y (2) +6 ge (2) =P (2) +e, 
and hence 
2 2 =9@) +27 +E +e 
from which 


20=29(2) +: O+ | POEH (6.70) 


Noting that the second derivatives of the stress function (6.24) 
are real quantities, the function itself must be real, apart from cz + 
+ cy. On this account, in expression (6.70) it is necessary to put 


1@)= | PO dz+ez+ co, 


where c, cy are arbitrary complex constants. If we take c, = 0, 
c = 0, cy = 0, without influence on the state of stress, the formula 
for the complex representation of Airy’s stress function becomes, 


finally, 


2D = zo (2) +29 (2) +X (2) +% ©) (6.71) 
or 
D = Re (2@ (2) +x (2))- (6.72) 


Here the symbol Re indicates that it is necessary to take the real 
part of the expression which follows it. 
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Let us derive an expression in complex form for the resultant 
vector of the forces acting on the side with positive normal on some 
curve AB (Fig. 20) taken inside the medium in the plane of defor- 
mation oz,x,. Substituting in relations (6.12) formulas (6.24), which 
express the components of the stress tensor in terms of the deriva- 
tives of Airv’s function, and noting that 


_ dk, = dx, 
Mesa S-N’ 
we obtain 
gee Ee Os S(O.) 
ni “arg dl 6x,0x, dl dl \ ðr; 7’ (6.73) 
T = — L FO Li 
wa 6x, Ot, dl axe dis ry 


By using these formulas, we set up an expression of the form 


> d oD , oD 
Tai tiln = —igyp (tig) 


If the components of the resultant vector in question are denoted 
by (V,, Va), from the preceding formula 
we find xz 


VitWe= | (Tutit) d= 





AB 
oD , oD \B 
= (= Ox, +i OL, De 
where the symbol ( ) # denotes the 
increment of the bracketed expression x 
along the curve AB. 0 
With (6.71) and the relation %' (z) = Fig. 20 


= y (z), from the preceding formula 
we obtain the complex representation of the resultant vector of the 
forces acting on the curve AB 


Viti, = —i(p(e) +29 e+p EA. (6.74) 


The resultant moment Lo of the forces applied to the curve AB on 
the side with positive normal about the origin is 


Ly= È (eT n2—taP ns) al. 
_ AB i 
g* 
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From the last equality, using (6.73) and performing the integration 
by parts, we obtain 


Ly= —(115-+m 3), + (OMe (6.75) 


It is obvious that 


oD oD ôD . oD 
Ti A Hata ZA =Re [=( A a Oy )] 


On the other hand, we have, by formula (6.71), 
D £ SERE] 
iip +29" (2) + O. 


Ox, 


This equality together with (6.72) enables us to give formula (6.75) 
the required complex representation of the resultant moment 


as B 
Lo = Re (x (2) — 2 (z) — 229" (2))a. (6.76) 
45. DEGREE OF DETERMINANCY OF THE INTRODUCED 
FUNCTIONS AND RESTRICTIONS IMPOSED ON THEM 


It is easy to show that if the stress tensor 011, O22, O12 is given, the 
function g’ (z) is determined except for an additive imaginary con- 
stant ci, and the function »’ (z) is found exactly. 

Let 9’ (z), p’ (z) be a pair of analytic functions related to the given 


components Ozi, O22, O12 by formulas (6.69); then 
On + O23 = 4Re y (z2), (6.77) 
O23 — On + 2ioy, = 2 [zp” (2) + y’ (2). (6.78) 


Let also ọ; (z), p; (z) be another pair of functions related to the same 
Oir» O22, Oy2 by the formulas 


O11 + Og, = 4Re q; (2), (6.79) 
Ta. — Oy + io, = 2 Izo; (z) + 4; (2). (6.80) 
On comparing equalities (6.77) and (6.79), we obtain 
gi (2) = 9 (z) + ci. 
It appears from formulas (6.78) and (6.80) that 
pi (2) = Y (2). 

It follows from the ‘last two equalities that 

Pı (2) = @ (2) + ciz + y, (6.81) 

p (2) = (2) +y, (6.82) 


where y, y’ are, in general, complex constants. 
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The converse statement is also true. If ọ (z) is replaced by the func- 
tion ọ (z) + ciz + y, and Y (z) by the function p (z) + y’, the state 
of stress remains unchanged. The validity of this proposition follows 
from direct substitution of these functions in formulas (6.77) and 
(6.78}., = 

It is easy to see that if the projections of the displacement vector 
are given, the constants c, y, and y’ cannot be prescribed arbitrarily. 
Let @ (z), p (z) be a pair of functions related to the given components 
af the displacement vector by formula (6.67); then 


Sp (us + itty) = %0 (2) 29" @—¥ @)- (6.83) 


By replacing ọ (z) and y (z) according to |(6.81) and (6.82), from the 
preceding formula we obtain 


2p (u, ily) = 2p (uy + iua) + (% + 1) ciz + xy — y. 


It is seen from this that the projections of the displacement vector 
remain unchanged if 


c=0, xy— v =0. (6.84) 


Thus, in this case only one of the constants y, y’ may be prescribed 
arbitrarily. When the stresses are given, it is possible, by a suitable 
choice of the constants y, c, y’, to fulfil the conditions 


@ (@) =0, Img" E) = 0, Ha) = 0, (6.85) 
where z, is some fixed point of the region. Thesé conditions completely 
specify a pair of analytic functions ọ (z) and p (z). 

When the projections of the displacement vector are given, it is 
possible, by choosing one of the constants, y Or y’, to set 


@ (Zo) = 0 or tp (zo) = O. (6.86) 


One of these conditions completely specifies a pair of analytic func- 
tions ọ (z) and y (z). If the deformable medium occupies a simply con- 
nected region, the functions ọ (z), tp (z), % (z) are single valued in 
this region. If a closed curve AA is considered in a simply connected 
region, where the functions 9 (z), % (z), % (z) are single valued, it 
ollows from (6.74) and (6.76) that 


V,+ iV, = 0, La = 0, 


i.e., the resultant vector and the resultant moment of the forces ap- 
plied to this curve are zero. For a multiply connected region, as, for 
example, in the case of a plate with holes, the functions ọ (z) and 
p (z) may be multiple valued. 

We now turn to the investigation of the nature of multiple-valued- 
ness of these functions, first for the case of a finite multiply connect- 
ed region and then for an infinite multiply connected region. It is 
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clear that physically the components of the stress tensor must be 
single valued in the region; the same condition is imposed on the 
displacement vector. Hence, according to formulas (6.69), along an 
arbitrary closed curve AA drawn in the multiply connected region 
occupied by the body, we have 


(P @+9' @)a=0, (6.87) 
zg (2) +p (2))4=0. (6.88) 


From (6.87) it is apparent that Re q’ (z) is a single-valued harmonic 
function. It is known, however, that the analytic function q’ (z) 
may be multiple valued in a multiply connected region for, on pass- 
ing round a closed curve situated in the region and enclosing any one 
of the interior contours, the imaginary part of gq’ (z), in general, 
changes by a certain constant amount, and hence the function ọ' (z) 
itself receives an increment equal to a purely imaginary constant. 
We shall see later that in this case no such increment takes place. 
It appears from the above that the function ọ” (z) is holomorphic, 
i.e., a single-valued analytic function. Noting that 


(9 @))4 = (9" @)a =O, (6.89) 





from (6.88) we have 
Ea = (p (2))4 =0, (6.90) 


i.e., p’ (z) is a holomorphic function in a multiply connected region. 
By differentiating expression (6.67) with respect to the x, co-ordi- 
nate, we have 


oy Habit) _ x6! @) FOP O-VS- 
Because of the single-valuedness of the quantities zp” (z) + ’ (2) 
[the second formula of (6.69)] and; (u, +iu,), from the last equal- 
ity we have 
(xo (2)—9" @)Ja=0. 
Comparison of this equality with (6.87) gives 


(P @))a=(9 @)a=0, (6.91) 
i.e., g’ (z) is also a holomorphic function. 
On the basis of (6.91) formulas (6.74) and (6.76) for a closed curve 
become 
VitWV.=—i(9@+¥@)Aa, 


6.92) 
Lo = Re (X (2) — z% (2)) 4. 
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Let z} (k = 1, 2, ..., m) denote the affixes of arbitrarily chosen 
points inside the corresponding contours L} having no points in 
common and enclosed by the outer contour Ly. The function @ (z) 
is written as 


P= | p @dzte, (6.93) 


where Zo is an arbitrarily fixed point in the multiply connected region 
under consideration. The integral 


f p’ (2) dz 


is, as a rule, a multiple-valued function, and, on passing round any 
inner contour L}, it generally receives an increment 2niA;, where 
A, is, in general, a complex constant (the factor 2xi has been intro- 
duced for convenience). 

It is easy to notice that the function 


z m 

* (2) = f @" (2)dz— J Arln(z— z) +e (6.94) 

Zo k=1 
is holomorphic in the region under consideration. Indeed, on passing 
once round the contour Ly the function A, ln (z —-z;) receives the 
same increment 2niA,, while the remaining terms in the sum receive 
no increments, so that the function ọ*¥ (z) reverts to its former value. 
Taking into account formula (6.94), from equality (6.93) we obtain 


9 (2)= D Ay ln (2 — z) +9* (2), (6.95) 
k=1 


where ọ* (z) is a holomorphic function. Further, starting from the 
formula 


V@)= |W @) dete’, 


and reasoning in a similar manner, we have 
~(Z)= X, Bala (z— zo) + * (2), (6.96) 
k=1 


where B, are, in general, complex constants and p* (z) is a holomor- 
phic function. 

We substitute the expressions for the functions ọ (z) and wp (z) in 
formula (6.67); on passing once round a closed curve Ly, situated in 
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the given region and enclosing only the contour L,, the displacement 
vector u, + iu, receives the increment 


(u + ita) pe = i («An +B). 


It is seen from this formula that for displacements to be single valued, 
the following condition must be fulfilled: 


xAr + Br = 0. (6.97) 


We now determine the coefficients A, and B}; for this, from the 
first formula of (6.74) we calculate the resultant vector of the forces 
applied on the proper side to the same curve L}; its magnitude is 
given by E 

Vik + iVar = — 2n (Ar = B,). (6.98) 
It follows that the resultant vector (Viz, V.,) is independent of the 


choice of the curve Lj. 
By solving Eqs. (6.97) and (6.98) simultaneously, we obtain 


_ Vin tiVer __ *%(Vyx—iV gr) 
A= =a Peay C 


Inserting these values of A, and B, in formulas (6.95) and (6.96), 
we have, finally, 


P= sry 2 (Vin + iVa) In (z— za) + 9* (z), (6.100) 


vO =a ey 2 Va Wa GSE A 640) 


Consider the case of an infinite multiply connected region (for 
example, the region occupied by an infinite plate weakened by a 
finite number of curvilinear holes); it can be obtained from the re- 
gion considered above by taking the outer contour Ly at infinity. 
For every point situated outside the circumference L enclosing all 
boundaries of the holes. we have 


= i Zh 
In (z—z)=lnz + lr ( Er ). 
The function In (1 — z,27!) is holomorphic outside the circumference 


L, including the point at infinity; hence, from formulas (6.100) 
and (6.101) we find 


V,+ iV 
O=- Inet os (6.102) 
x (V,;—iV.) 


v= -siapo Zt VM O, (6.103) 
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where (V,, V3) is the resultant vector of the forces applied on all con- 
tours of the region; ~** (z), ** (z) are functions holomorphic every- 
where outside the circumference L, except possibly at the point. 
at infinity. 

Substituting expressions (6.102) and (6.103) in (6.69), and impos- 
ing conditions for boundedness of the components of the stress ten- 
sor in the whole infinite region under consideration, we arrive at the 
relations 


V, VitiVe 


P@)= — sry PIHT (ee (6.104): 
(2) =? Ine T's Wo), (6.105) 


where T, I’ are, in general, complex constants; @po (z), Po (z) are 
functions holomorphic outside the circumference L, including the 
point at infinity, so that the following expansions are valid in its 
neighbourhood: 


Qo (2) = ao + = Bee, 
tho (2) = bo += -+4 +. 


(6.106) 


By virtue of formulas (6.85), without changing the state of stress im 
a medium, we can always assume 


ao = bo =0, ImT =0. 


The quantity Im T has a mechanical meaning. To show this, we 
proceed as follows. Differentiate relation (6.67) with respect to z, 
and iz,, and add the resulting expressions. Then 


p (z+ +3) 4 i ($-a =) ) |J= o -y @)= , 
= (x — 1) Re g’ (2) + i (x + 1) Imig’ (2). 


From this the value of the rotation œ is determined by the'formula: 


Å- 


o=4 (2 _ 2u )= A+% '(z)— p (2) 
— 2 \ ôr} ôr “2p ra z 


From this formula, with (6.104), we find, as z —> œœ, 





Oo = ttx ImT. 
Hence, 


2UO 


Im T = —— Tr 


(6.106') 
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Let 0,, Oa be the values of the principal stresses at infinity, and 
æq the angle between the o, direction and the oz, axis; we have 


o+ 0—0 
o= SET 4 18 cos 2a, 





6. 0. 0,— 9 

Oo = Atos =e = cos 2a, 
0—0. 7 

Oig = — y sin 2a. 


On the basis of these formulas 
O11 + Oz = 01 + Og, 
O22 — On + 2idy, = — (0, — oy) 072, 


By comparing the last expressions with formulas (6.69), and using 
(6.104), (6.105), and (6.106), we obtain, as z > oo, 


Re r=+ (01 -+ 02), 
4 (6.107) 
P= —5(% — 0,)e ~ 2m, 


Hence, the distribution of the stress tensor in parts of the plane at 
infinity differs infinitesimally from a uniform distribution. 
Substituting formulas (6.104) and (6.105) in (6.67), we have, for 
large |z|, 
3 %(V,+iV,) s = =; 
Qu (wy + iu) = =- aaro 12 (22) +(xP—T)z—I’z+..., (6.108) 
where the dots indicate terms remaining bounded as | z | increases. 
Thus, the displacement at infinity is not bounded; it is bounded 
if the resultant vector (V,, V.) of the forces acting on all contours of 
the region and the stresses at infinity are zero and if, further, Im T = 
= 0, i.e., the part of the plane at infinity undergoes no rotation. 
If the stresses at infinity are zero and the resultant vector of the 
external forces is not zero, the displacement still increases as In (zz) = 
=2Inr. 


46. FUNDAMENTAL BOUNDARY VALUE PROBLEMS AND THEIR 
REDUCTION TO PROBLEMS OF COMPLEX FUNCTION 
THEORY 


By the fundamental boundary value problems of plane elasticity, 
as for a three-dimensional body (Sec. 34), we shall understand the 
following problems: 

First fundamental problem. The determination of elastic equilib- 
rium when the external forces applied to the boundary L of a region 
J are given. 
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Second fundamental problem. The determination of elastic equilib- 
rium when the displacements of the points of the boundary L are 
given. 

Fundamental mixed problem. The determination of elastic equilib- 
rium when the forces applied on a part of the boundary are given, 
and the displacements of points on the remainder. 

If the region S is infinite, the stresses at infinity must be given in 
the case of the first fundamental problem, i.e., Re T and T’, and the 
quantities V,, V., T, T’ in the case of the second fundamental prob- 
lem and the fundamental mixed problem. Assuming that the solu- 
tion of the above problems exists, its uniqueness for a finite region 
can be proved as in the case of the corresponding three-dimensional 
problems; we shall not consider the proof of the uniqueness theorem 
for an infinite region; if need be, the reader can find it in the mono- 
graph by N. I. Muskhelishvili Some Basic Problems of the Mathemat- 
ical Theory of Elasticity. 

It is seen from formulas (6.67), (6.69) that the solution of the plane 
problem of elasticity reduces to finding a pair of complex functions 
@ (z) and yp (z), analytic in the given region S, which must satisfy, 
on its boundary L, certain conditions corresponding to any one of the 
problems formulated above. 

Suppose that the boundary L of the region S is not self-intersecting, 
is closed, and has a tangent at each point. Besides, we assume that 
the components of the displacement vector and of the stress tensor are 
continuous up to the boundary L. 

1. For the first fundamental problem, in the case of a finite simply 
connected region S bounded by a contour L the functions ọ (z) and 
a (z) must, by (6.74), satisfy the boundary condition 


pttp AHP = fiH ift ce. (6.109) 


Here t = z, + iz, is the affix of a point of L, and z, and z, are its 
Cartesian co-ordinates; then 


l 
fi+ifa=i | (Tm +iTno) dl, (6.110) 
0 


where 7,,, Tno are given values of the projections of the external 
forces acting on L. 

The expression on the left-hand side in (6.109) gives the boundary 
value of the function ọ (z) + zg’ (z) + p(z) when z, remaining 
inside the region S, tends to a point ¢ of the contour L. This boundary 
condition exists on account of the above assumption regarding the 
continuity of the components of the stress tensor up to the contour 
L. (It should be noted that in formula (6.74) the arc denoted by AB 
lies entirely within the region S. However, by virtue of the assump- 
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tion of continuity of the components of the stress tensor up to the 
contour, we have legitimately applied this formula in the case when 
the arc AB belongs to the contour L.) 

2. For the second fundamental problem, in the case of the same 
finite simply connected region S the functions ọ (z) and % (z) must, 
by (6.67), satisfy on the contour L the relation 


x9 (0) — tp O—- PO = 2p (ut + iut), (6.111) 

where uy and už are given values of the displacement of a point of L. 

Here, as above, the left-hand side of equality (6.111) represents 
the boundary value of the expression 


xo (z)— zg (2) —p (z) as z—> t. 
This boundary value exists since 


xo (0—20 (2) — PO = 2p (ur + iu), 
and, according to the condition adopted above, u, and u, are con- 
tinuous up to the contour L. 

3. For the first fundamental problem, in the case of an infinite 
region S bounded by a closed contour L the regular functions Qo (z) 
and pọ (z) in it, on the basis of condition (6. 109), with (6.104) and 
(6.105), must satisfy the boundary relation 


Pot) + topo (E) + Yo (H) = fi + ifi +e. (6.112) 
Here use has been made of the notation 


fit ifi= ft if tra (nt—xnh+ 


tE ni £—(@4+Pyt—Pi. (6.113) 

When the point £ describes the contour L in the positive sense, the 
expressions f, + if,, In Zz, and In £ receive, respectively, increments 
i (Vi + iV,), —2ni, and +2xi, so that the increment of the express- 
ion fi + if, is, as can easily be verified, zero. The function f; + if, 
is therefore single valued and continuous on L. 

4. For the second fundamental problem, in the case of an infinite 
region S bounded by a contour L the functions ọọ (z) and pọ (2), 
on the basis of formula (6.141), with (6.104) and (6.105), must sa- 
tisfy the boundary condition 


xpo (t) — tpo (£) — Yo (t) = 2p (u3 + ius), (6.114) 





where 
. ie 2 V, 4 
Qu (uy + iu3) = 2p (už + ut) + hita In (tř) — 


Vı—iV, t oa 
z maT z(a —T)t +T t. (6.115) 
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As seen from (6.115), the right-hand side of equality (6.114) repre- 
sents a single-valued and continuous function on L since such are 
all the terms in it. 

5. In the fundamental mixed problem we have conditions of the 
form of (6.109) on those parts of the boundary where the projections 
of the stress vector are given, and conditions of the form of (6.111) 
on the remainder, where the projections of the displacement vector 
are given. 

As we saw earlier, the condition of continuity of the components 
of the stress tensor up to the boundary L of the region S leads to the 
continuity up to the boundary of the expression 


@ (2) +g’ (z) + p (2). 


and the condition of continuity of the projection of the displacement 
vector leads to the continuity up to the boundary of the expression 


xo (2) — zp (2) — tp (2). 


It is obvious that the expression ọ (z) + zp’ (z)-+ p (z) may be 
continuous up to the boundary without necessarily fulfilling the con- 
dition of continuity (up to the boundary L) of the components of the 
stress tensor. Hence, the latter condition may be replaced by a 
weaker condition of continuity up to the boundary of the above ex- 
pression. In the following discussion it is assumed that for the first 
two fundamental problems the functions ọ (z), ọ' (z), and p (z) are 
continuously extendible to all points of the boundary L of the region 
S; this imposes a strong condition on the unknown functions, but 
considerably simplifies the arguments used in applying efficient 
methods for solving the fundamental problems. 

The condition of continuity of ọ (z), p’ (z), and wp (z) in the case 
of the first fundamental problem rules out discontinuous external 
loads, such as concentrated forces; for the mixed problem the func- 
tions ọ (z), p’ (z), and 4 (z) will not be separately continuous at the 
points of junction. 


47. MAURICE LEVY’S THEOREM 


Consider the first fundamental problem for a finite simply connect- 
ed region. Since the unknown analytic functions ọ (z) and wp (z) are 
single valued in the given region S and the elastic constants A and 
u do not enter into the boundary condition (6.109), it follows that 
the solution of this problem given by the functions ọ (z), w (z) is 
independent of the elastic constants À and yp, or, in other words, when 
the external forces are given on the boundary of a finite simply con- 
nected region, the state of stress in the body filling it is independent 
of the elastic properties of the material. For a finite multiply con- 
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nected region, the solution determined by the functions 9 (z), p (z) 
depends on the material of the medium. For the solution determined. 
by the functions @ (z), p (z) to be independent of the elastic constant 
x, the resultant vectors of the forces applied to each of the contours 
L,, as follows from formulas (6.100) and (6.101), must separately 
be zero. It is in this case that the state of stress is independent of 
the elastic constants of the body. This result constitutes the theorem 
of Maurice Lévy, which underlies the method of finding the state of 
stress at each point of an isotropic homogeneous medium on models 
of different material. In particular, this theorem makes it possible 
to replace the determination of the state of stress in homogeneous 
and isotropic materials by the determination of the state of stress 
in transparent bodies, optically sensitive to the state of stress set up 
in them. 

The basic methods that furnish the means of solving problems of 
plane elasticity for a sufficiently wide class of regions are the confor- 
mal mapping method and the Cauchy-type integral method. A simul- 
taneous application of these methods proves most effective for simply 
connected regions. 

The investigation of multiply connected regions is much more 
complicated and will not be considered here. 


48. CONFORMAL MAPPING METHOD 


Let a finite or an infinite simply connected region in the plane of 
the variable z, bounded by a simple contour L, be mapped in a one- 
to-one manner onto the unit circle | ¢ | < 1 in the ¢ plane by means 
of the analytic function 

z= o (Å), (6.116) 


assuming that œ (0) = O for the finite region and œ (0) = œ for 
the infinite region. 

For the infinite region, we consider the case when the displacements 
Ui, U, at infinity are bounded; V,, Va, T, T’ in condition (6.108) 
must then be equal to zero; the components of the stress tensor at 
infinity are also zero. The unknown functions ọ (z) and 4 (z) are 
holomorphic (regular) in the region S, including the point z = oo. 

In order to use the conformal mapping (6.116) in the solution of 
the fundamental problems and, in general, problems of plane elastic- 
ity, we transform the boundary conditions (6.109) and (6.111) to 
the variable ¢. 

Introducing the new notation 


9 (2) = p w (H) = p (9, YP) = 4 (0 ($) = p (0), (6.117) 


we find that the functions ọ, ($), p, (¢) are holomorphic in the region 
of the unit circle | ¢ | < 1; its boundary is denoted by y. 
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We introduce polar co-ordinates (r, 0) in the € plane; they may be 
regarded as the curvilinear co-ordinates of a point (z,, z) of the z. 
plane; since the mapping is conformal, the co-ordinate lines corres-. 
ponding to r = constant and 0 = constant are mutually orthogonal. 
Take a point (2,, x2) in the z plane, and through this point draw co-. 
ordinate lines r = constant and 0 = constant (Fig. 21). Denote the 
projections of the vector a, applied at 
the point z, in the zı, xz, co-ordinate 
system by a,, a,, and in the e,, eg system 
by a,, ag. It is obvious from Fig. 21 that 

a, + idg = (a, cosa + a, sin a) + 

+i (—a, sin a + a, cos a) 

or 

a, + iag = e~ (a, + ias), (6.118) 
where œ is the angle made by the e, 
direction with the z, axis and measured 
from this axis in the positive direction. 
To calculate e“, we transfer the point z in 
the e, direction to the position z+dz; the 
corresponding point ¢ = re‘® in the € plane moves in the radial di~ 
rection to the position ¢ + df; hence, we have 


dz=e'%|dz|, d€=e®|dl|, 
from which, with (6.116), 


wn 2 o’ (E) dt — eid o’ (0) 
|dz| 1o (C) | | ao] KESIR 


From the last relation we find 





Fig. 24 





xw 





-ia t oG 
m Ta (5419) 
Substituting (6.119) in (6.118), we obtain 
Gina £00 l 
a,'+ iag = > To OT (a, + iag). (6.120). 


The projections of the displacement vector on the e, and e di- 
rections are then determined from the equality 


Ur + io =E} (u+ iu). (6.424) 


On the basis of formulas (1.13), for plane stress and plane strain 
(k, l, r,s = 1, 2) the following relations hold between the components 
of the stress tensor 0,,, Ogg, 0-9 in polar co-ordinates and the compo- 
nents of the stress tensor O31, Og9, 04, in rectangular Cartesian co- 
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ordinates: 

Orr + O99 = On + T229 ; i (6.122) 

Ooo — Orr + 2ior0 = (O22 — On + i042) C74; 
the validity of these relations is checked directly. After determining, 
by (6.119), 
ezia E E (oO? E o'( 
Fle OP FF vO’ 

from formulas (6.122), with (6.69), (6.116), and (6.117), we find 


Orr +009 = 2[D, (6) + Di (6)], 


OM O +o O Y O, 
where ®, (£) = 9’ (2) = @® (2), Py ($) = Y (2) = ¥ (2). 

In this case instead of the boundary adas (6.109) and (6.111) 
we have, respectively, 


91(0) + = FO 1 (0) +1) = ft (0) +iff (0) +e, (6.124) 








(6.123) 


2 e 2c? 
O09—0,r + 10,9= ro w (0) 

















#01 (8) — E Pi (0) — Pi (0) = 2p [ut* (0) +iu3* (0)], (6.125) 


where 
fi lo)=fi 6), F (0) = fa (t) 
{* (o)= už (t), u3“ (0o) = už (t) 


and o is the affix of a point of the circumference y. 

It should be noted that since the conformal mapping is a one-to-one 
mapping, it is necessary that w’ ($) 0. The new unknown analytic 
functions q, (€) and p, ($) corresponding to the old functions ọ (z) 
and p (z) may be sought in the form of power serie 


w= Dat, O= X ith 


where the coefficients a, and b, are, in general, complex quantities. 

The boundary conditions (6.124) or (6.125) enable one to construct 
an infinite system of linear equations for the determination of these 
coefficients. 

In cases where the mapping function  (¢) is a polynomial the 
problem is reduced to a finite system of linear algebraic equations 
{this result was obtained by N. I. Muskhelishvili). We restrict our- 
selves to the foregoing general considerations and proceed to the 
presentation of the theory of the Cauchy-type integral, Harnack’s 
theorem, and the Riemann problem. 
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49. CAUCHY-TYPE INTEGRAL 


As is known, the Dirichlet and Neumann problems for Laplace’s 
equation are solved by means of potentials for a simple anda double 
layer, and in the solution of boundary value problems for other 
differential equations use is made of various kinds of generalized 
potentials. The boundary value problems of the theory of analytic 
functions of a complex variable, to which problems of plane elastic- 
ity are reduced, are solved with the help of the Cauchy-type integral 
and its various generalizations. Based on this, we present, without 
proof, some results from the theory of the Cauchy integral, the Cau- 
chy-type integral, and the limiting values of the latter. 

1. Cauchy integral. Let f (z) be a function, analytic in a simply 
connected region S bounded by a simple sectionally smooth closed 
line L, and continuous in S + L. The value of the function f (z) at 
any point z € S is then determined by the boundary value of this 
function on the line L as 


f (t) dt 
F) = -Sar f eee (6.126) 
L 


Here the integration is carried out along the line Z in the positive 
sense. The integral appearing on the right-hand side of (6.126) is 
called a Cauchy integral. If the point z is outside L, by Cauchy’s 


theorem, 
1 CFO 
sar | FOF =0 (6.127) 





because the integrand f (f)/(t — z) is analytic in © and continuous 
in S + L. 

In the case of a multiply connected finite region Cauchy’s formula 
is of the form 


_ 4 tat 
t= sar | Soe , (6.128) 


where L = Li + Lī + ... + Lm each of L, is a simple sectionally 
smooth closed line, all L, (v = 1, 2, ..., m) being within Lọ. If 
z is a point outside L, by Cauchy’s theorem, 
1 ft) a. 
2ni f t—z dt =0. 
L 


(6.129) 


Let f (z) be a function, analytic in a simply connected infinite re- 
gion S~ bounded by a simple sectionally smooth closed line L, in- 
cluding the point at infinity, i.e., f (co) = cg, and continuous on 


10—0884 
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S- + L. Then 





ser | POE = -1 + (o) (6.130) 
L 


for points z lying outside L; 
est AO ie (6.131) 


2ni t—z 
L 


for points z lying within L. Formula (6.130) is called Cauchy’s for- 
mula for an infinite region. 

2. Cauchy-type integral. Let f (t) be a given continuous function 
on a simple sectionally smooth closed line L; then 


1 ¢ fdt 
“Oni f t—z (6.132) 





expresses a single-valued analytic function in any simply connected 
region not containing points of the line L. Integral (6.132) is called 
a Cauchy-type integral, the function f (t) is called its density func- 
tion, and E its kernel; for the derivatives of all orders of the 


Cauchy-type integral the following formula holds: 





Mnn n! f (t) dt 
F” (@) = 2ni j (=z) > (6.133) 


Before proceeding to the study of the behaviour of the Cauchy- 
type integral on the line of integration, we shall consider the ques- 
tion of classes of functions. Let f (t) be some function, the argument 
t and the function f (£) being either real or complex. If f (£) is a func- 
tion of the class of continuous functions, then, by definition, the in- 
crements of the argument | t, — é | and of.the function |f (ta) — 
— f (t,) | simultaneously tend to zero. The question of the order of 
smallness of the increment of the function in relation to the increment 
of the argument is not examined. However, many properties of the 
function, such as its expansion in series and the rapidity of their con- 
vergence, the representation by integrals, etc., are closely related to 
the order of the modulus of continuity of the function, i.e., œ (6) = 
= sup | f (ta) — f (4) |, where .t, and f, belong to the curve L and 
Jf, — t4 |< ô. 

We shall consider the most interesting class of functions for which 
the modulus of continuity is representable as a power-law function 
of the increment of the argument, i.e., 


If (a) —f(t) <A li h e. (6.134) 


Here f (t) is a function of the point ¢ on a smooth curve L; tı, f, are 
any two points of the curve L; A and @ are positive numbers. A 
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is called Hélder’s constant, and æ Hélder’s exponent; 0 < æ < 1. 
Condition (6.134) is called a Holder condition (H condition), and 
a function f (t) satisfying the H condition is called a function of the 
class H. Obviously, if a > 1, it would appear from condition (6.134) 
that f’ (t) = 0 everywhere, and hence f (t) = constant. When a = 1, 
the Hélder condition is identical with the Lipschitz condition. If 
for sufficiently close f, and f, the H condition is fulfilled for a cer- 
tain exponent a, it is obviously fulfilled for any exponent a < a. 
Thus, to a smaller œ corresponds a wider class of functions. The nar- 
rowest class is the class of functions satisfying the Lipschitz condi- 
tion. 

3. The principal value of the Cauchy-type integral. Let f (x) be 
a given real function becoming infinite at a certain point c of a finite 
interval of integrationa < c < b. If we cut out an entirely arbitrary 
neighbourhood of the point c, the function f (x) is bounded ina < 
< z < c — & and c + £, <2 < b, and is unbounded inc — gy < 
< xz < c + £. The point c is called a singular point. 

The limit 


lim T f (x) dz + í f @)dz}, (6.135) 
2120 a C+E 


if it exists, is called the improper integral of the function f (x) be- 
tween the limits a and b. If this limit is finite, it is said that the in- 
tegral converges, and the function f (x) is termed integrable on the 
interval [a, b]. If, however, the integral is infinite or does not exist 
at all, it is said that the integral diverges. It is known that the im- 
proper integral exists if the order of infinity of the function is less 
than unity, i.e., 
HOIR E B< 1). (6.136) 
If the function f (x) becomes infinite of order one or higher, the im- 
proper integral does not exist. 
If a point t of the contour L is substituted for the point z in the 
curvilinear integral (6.132), we obtain a singular curvilinear integral 


f LO at. (6.137) 


t—to 


We represent it as 
| 4 a= (O e |) + 
L 


t—to t—ty ° 
L 





Since by the Hélder condition 


lf )—f (to) |< Alt—to|% 
10* 
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or 
AORTO A 
ito li— tolf’ 





where B = 1 — a < 1, it follows that the first integral, on the basis 
of (6.136), exists as improper. 

In the second term the integrand admits the primitive In (£ — to), 
which is multiple valued. Assume that ln (£ — tọ) is the contour 
value of the analytic function In (z — tọ), single-valued in the plane 


G9 


To 


arg(ty-to) 












? ty 


Fig. 22 Fig. 23 


cut along a curve joining the points tọ and oo. We agree, for definite- 
ness, that the cut is made to the right of the line L. Draw a circum- 
ference of radius e from the point ty of the line L as a centre, and let 
t, and ft, be the points of intersection of this circumference and the 
line Z (Fig. 22). Following a 135), we have 














EEN dt : tı — to 
Ea uin[ | 3245 t—to +) aS thy sere z ta—to 
L t, 
or 
dt 
f E lim In| a= (tı — to) — arg (t2 —to)]. 
z e>0 
Since |t, — to | = | — ĉo l it follows that ln [a=] = 0. 
RE 


The expression in the square brackets is equal to the angle between 
the vectors toti, tof, (Fig. 23), and for the above choice of the cut this 
angle must be measured to the a of the curve; hence, 








lim In i = in, 
2-0 Ta 
and consequently, 
( at = in. 


v t—ty 
L 
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Thus, the Cauchy principal value of the singular integral (6.137) 
for the function f (t) satisfying the Hélder condition is 


JO a= | LOH) dt inf (to). (6.138) 
t—t J it 


4. The limiting values of the Cauchy-type integral. Let L be a simple 
smooth closed line, and f (é) a given function on it satisfying the 
Hélder condition; the Cauchy-type integral (6.132) then has the 
limiting values 








F(t) =e | FOR i tt) (6.139) 
as z — fọ from the outside of L, and 
4 
F (t) = zir | FOR + at (to) (6.140) 
L 


as z — f from the inside of L. 


Here the singular integral = f roe is understood as a Cauchy 
0 
L 


principal value and is evaluated by formula (6.138). By adding 
formulas (6.139) and (6.140) together, we find the value of the Cauchy- 
type integral at a point lying on 
the line L 

A f(t)dt _ F* (to) +F- (to) 

ani t—t 2 : 


(6.141) 


Consider, now, the Cauchy-type 
integral for the case when the 
line of integration is a straight 
line extending to infinity. Without 
loss of generality, we take this Fig. 24 
straight line coincident with the 
real x, axis and denote it by L (Fig. 24). The upper half-plane is 
denoted by S*, and the lower half-plane by S~; the points of the zı 
axis are not included in either S* or S~. 

Let f (t) be, in general, a complex function of the real variable ¢ 
satisfying the H condition for all finite values of ¢ and tending to 
a definite limit f (o0) as £ — = oo. Moreover, the function f (t) for 
large values of £ satisfies the condition 

B 


IFE — E) TT? 2>0, B>0. (6.142) 
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Assume also that the function f (f) tends to the same finite limit 
f (co) as £ +-+00 and £ -+—oo. If f (co) 0, the Cauchy-type 
integral 





1 f (t) 

ma f LO at, (6.143) 
L 

assuming the point z to lie off the x, axis, is divergent. Indeed, we 

have 


Yima T 10i) Ya 

—f (œ t 
j t—z ={ t—z dt+ f (o) | t—z 
N’ N’ N’ 


In the first integral on the right-hand side the integrand is, by (6.142), 
of order | ¢ |-1~* for large values of | f |; hence, by the well-known 
criterion for convergence of integrals with infinite limits, the integ- 
ral in question is convergent. We evaluate the second integral 

Í dt " , . r 

E = In(N" —2z)—In(N’ —2)= +ia+In—, 

ne 





where œ is the angle included between the straight lines joining 
the point z to the points N’, N", and r’, r” are the distances of the 
point z, respectively, to N’ and N” (Fig. 24). In the last equality the 
sign of the first term is to be taken positive if z lies in the upper half- 
plane, and negative for the lower half-plane. If N’ and N” independ- 
ently tend, respectively, to —oo and +00, then @ tends to a, while 


In = does not tend to any limit; it follows that the integral in ques- 
tion does not tend to any limit. We now assume that during the whole 
process ON’ = —ON" = ON. Then 

lim In% =1n1=0, 

N—=>œ r 


and we have 


Noo t—z 


N 0° 
lim [t [ LOH) dtt nf (o0). (6.144) 
-N -% 


If f (co) = 0 integral (6.143), as the analysis shows, subject to con- 
dition (6.142), is convergent. 
Thus, the Cauchy singular integral 


d Noo P = 


-N 
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is called a principal value and is determined by formula (6.144). 
Under the above conditions imposed on the function f (t), the func- 
tion F (z) defined by the ee 
t) dt 
F (2) =z} f i) (6.145) 
L 


t—z 





is obviously holomorphic in S* and S-. For this case the Sokhotskii- 
Plemelj formulas for an infinite straight line are of the form 


Ft (to) = = 5 L Fa) += _ | e dt, 


-00 





(6.146) 





F-t)= -4i lt) tar jaw. 


Here F* (to) and F- (to) are the limits of F (z) as z — tọ, respectively, 
from the upper and lower half-planes. 


50. HARNACK’S THEOREM 


Let L be a simple closed line. Denote the finite part of the plane 
bounded by the line Z by S*, and the infinite part of the plane out- 
side this curve by S~. The line Z is not included in either S* or S~. 
Take a real ag function of the point on the line L. If 


|a Hot = 0 for all z€S*, 


zr 
then f (t) = 0 S on L. If, however, 


zi (20 for all z€ S- 


2ni t—z 


then f (é) = constant on L. 

By applying Harnack’s theorem to the difference of two real con- 
tinuous functions f, (t) and f, (t) given on L, we have f, (t) = fe (t) 
on L for all z € S*, and f, (t) = fa (é) + c on L for all z € S-. 

Harnack’s theorem is formulated in a similar way when L is an 
infinite straight line. 


51. RIEMANN BOUNDARY VALUE PROBLEM 


Let L denote a set of a finite number n of simple non-intersecting 
arcs and closed lines in the plane of the complex variable z. Assume, 
further, that a definite positive direction is chosen on each of the 
arcs and lines comprising L. Unclosed arcs are denoted by apb, choos- 
ing the notation so as to have the positive direction from a, to bp. 
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A function F (z) is said to be sectionally holomorphic in the whole 
plane if it is holomorphic in the plane of the complex variable z cut 
along L, is continuously extendible to all points of Z from the left 
and from the right, with the exception of the ends az, br, and if the 
following inequality holds near ie ends ap, bp: 


ea =o (0<A<1), 





where c is the affix of any one of the ends az, br; A and B are positive 
constants. 

Let G (t) and f (t) be given functions on L satisfying the H condi- 
tion, with G (t)0 on L. It is required to find a sectionally holomor- 
phic function F (z) whose boundary values on L from the left and 
from the right, except at the ends az, bn (the concept of the boundary 
values from the left and from the right is indeterminate), satisfy the 


condition 
F* (t) — G (t) F- (£) = f (t), (6.147) 


where G (é) is known as the coefficient of the Riemann problem, and 
f (t) its free term. In the case when the function f (t) = 0 on L, the 
problem is said to be homogeneous. 

When G (t) = 1, we obtain the Riemann problem of the particular 
kind l 
F* (t) — F- (t) = f (t) on L. (6.148) 
In this case the problem is reduced to the determination of a section- 
ally holomorphic function F (z) from the given jump f (t) on L. 
The solution of this problem can be obtained from the Cauchy-type 
integral 

Pg= oa, (6.149) 


“Oni t—z 
L 





Similarly, the function F, (z) is a sectionally holomorphic function 
vanishing at infinity and, in addition, it satisfies in the neighbourhood 
of any end c of the line L the one 





IFo@)I<- a (6.150) 
and also 
Fi) — F; (0 = f (0 (6.151) 
except at the ends a, b}. Consequently, (6.149) is a solution of prob- 
lem (6.148). 


Let us consider the difference F (z) — Fo (z) = F, (z), where 
F (z) is the required solution of problem (6.148). On the basis of 
(6.148) and (6.149) we have, on L, 


F} (t) — Fz (t) = 0. (6.152) 
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According to the well-known theorem, the values of the function 
F, (z) from the left and from the right of L analytically continue 
each other. Hence, if the function F, (z) is assigned appropriate val- 
ues on L and if it is remembered that by virtue of condition (6.150) 
any end c is a removable singularity, we may consider F, (z) to 
be bounded and holomorphic in the whole plane. According to Liou- 
ville’s theorem, F, (z) = constant in the whole plane; consequently, 
F (2) = Fy (2) + K or 

Foe | Oa x, (6.153) 


2ni t—z 
L 








whereX is an arbitrary constant. If it is assumed that the solution 
F (z) vanishes at the infinitely remote point, we must put K = 0. 

If the solution of problem (6.148) is to be a sectionally holomorphic 
function everywhere except at the point at infinity where it may 
have a pole of order not higher than m, then, by the generalized 
Liouville theorem, 


F(z =; J ro dt + Cot Cyst... + Cm-i™ t+ Cm2™, (6.154) 
L 





2ni t— 


where Co, Ci, ..., Cm are arbitrary constants. 
Of particular interest is the case when G (f) = g, where g is a giv- 
en, in general complex, constant different from unity. Then on L 


F+ (t) — gF- (t) = f (t), (6.155) 


except at the ends. Assuming a pole of order not higher than m at 
infinity, the general solution of problem (6.155) is of the form 





X d l 
F (2)= co (2) | noemt XO PO, (6.156) 


where P (2) = Co + Caz + 2... + Cmiz ™ + Cm”; Cos Cy, e- 
..+, Cm are arbitrary constants; X, (z) is a particular solution of 
the homogeneous problem 





Xo (2) at (z— ap) ~Y (z — ba)” - t. (6.157) 
Here 
paitlsl 0 <argg< 2n. (6.158) 


The foregoing results are easily extended to the case when the line 
L is an infinite straight line. In the following discussion these results 
will be used to solve the fundamental boundary value problems for 
a half-plane. 
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52. REDUCTION OF THE FUNDAMENTAL BOUNDARY VALUE 
PROBLEMS TO FUNCTIONAL EQUATIONS 


By using the arbitrariness in regard to the function p (z), we 
can set p (0) = 0 for a finite region, and p (co) = O for an infinite 
region. Since in the case of a finite region to the point ¢ = 0 corres- 
ponds the point z = 0, and for an infinite region to the same point 
¢ = 0 corresponds z = œ, we can take p, (0) = 0 in both cases. 

For an infinite region we assume that the stresses are zero at infini- 
ty, the resultant vector of the external forces applied to the boundary 
is zero, and so is the rotation at infinity. The functions 9 (€), p ($) 
are then holomorphic inside the circle | ¢ | < 1. 

We further assume that the functions ọ (C), @’ (&), p (f) are con- 
tinuous up to the circumference y of the circle under consideration. 

(a) We write down the boundary condition (6.124) and its conjugate 
for the first fundamental problem: 


91 (0) + SEO) +H O= fi Hifo 
samy l (6.159) 
91 (0) + ORE (0) +41 (0) = fi — ifa. 
By multiplying both sides of equalities (6.159) by Cauchy’s kernel 
i w 
2ni o—¢%? 


where ¢ is a point lying inside the unit circle | ¢ | < 1, and integrat- 
ing them along the circumference y, we obtain 


ar | gi do-+— | o (0) i (0) do+ J nO do=A(0), 
Y Y 














2ni 2ni @’ (0) o—¢ 2ni a 
Y 
(6.160) 
1 ( 1) 1 a(o) gi (0) 1 ( Oo 7 
ser | BS dota | SESS dot ae | BE = 8 0. 
Y Y 


Here use has been made of the notation 


4 ftif 1 fi—ife 
y 
According to Harnack’s theorem, relations (6.159) and (6.160) are 
equivalent. Taking into account that the functions Q, (o) and p; (0) 
are the boundary values of the functions g, (¢) and Yp, ($), regular 
inside the circle | € | < 1, and q, (0), Y (0) are the boundary values 
of the functions regular outside the circle | € |< 1 and vanishing 
at infinity, we ultimately find, using the properties of Cauchy’s 
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integral, 
4 , 
Ota | man Ha) =A, (6.161) 
Y 
v Otar | SL O o= B). (6.162) 
Y 


The first equation, which is a functional equation, together with 
the condition q, (0) = 0 (in the case of a finite region the quantity 
Im ọ; (0) may be fixed arbitrarily), completely determines q, (6), 
and then the function 1p, ($) can be found from the second relation. 

(b) Proceeding as in the case of the first fundamental problem, for 
the second fundamental a we obtain 


o (0) STe 
nOr | Say R do = A), 
Y 











w O+ ser | SE AO do—n9, (0) =B H), 
Y 





w’ (0) o—f 
where 
u, + iu, u,—iu 
Ay t) = JE- E 1 35 do, B (6) )= — st | cue %0- 
Y Y 


In an exactly similar way it is possible to obtain a functional equa- 
tion for the mixed boundary value problem, which is of somewhat more 
complicated form; we shall not elaborate upon it. 

The foregoing functional equations can be reduced by a simple 
transformation to a Fredholm integral equation of the second kind; 
we leave detailed discussion at this point. 


53. EQUILIBRIUM OF A HOLLOW CIRCULAR CYLINDER 


Consider the equilibrium of a hollow circular cylinder subjected 
to (a) uniformly distributed tangential forces applied on the boundar- 
ies; (b) a constant pressure on the boundaries. Both cases come under 
the first boundary value problem. 

In the case (a) the resultant vectors of the forces applied on either 
of the boundaries r = r, and r = r, are separately equal to zero; 
hence, from formulas (6.100) and (6.101) it follows that the functions 
@ (z) and tp (z) are holomorphic inside the ring (Fig. 25). The functions 

ọ (z) and yp (z) are determined from the boundary conditions 


(t) + tq’ t) D+) (t) =f (t4) +e, on circumference r=r,, 
(6.163) 


P (t2) + top’ (t2) + tp (t2) = f (te) +c on circumference r=r;, 
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where 
l a 

i (ts) =i f (Ta +iTi)dl=ir;T; f (—sina+icosa)da=iT; (tı1—rı), 
0 0 


Í (t2) = iT; (ta — ra). 


Because of equality of moments, the relation between the tangential 
forces T, and T, is of the form 


Tir? = Tori. 
In the circular ring the functions ọ (z) and yp (z) are taken in the form 


@(2)=0, wp(z)=—, (6.164) 


Inserting (6.164) in the boundary 
conditions, we find 


= e 2 . 
b= iTr}, c =iT;r;, 





whence 
b= —iTir}. 
Thus, 
Fig. 25 p(z)=0, p(z)= -irrt 


Substituting these functions in formulas (6.123), we obtain 


4 
A EN 
Orr +000 =0, Orr — Ooo — 2iOre = —2iT yr} = 


From this we find that 
Tır? 
Orr = O00 =0, Oro = Aa 


Further, from formula (6.121), with (6.67), we find 





7 . Tir? 
Pulu, + iu) =i TEE, 
whence 
Tir? 4 
Ur=0, w= TF: 


The problem (b) was solved above by the stress function method, 
here the same problem is solved by the complex function method. 
In the problem (b) the resultant vectors and the resultant moments 
of the forces applied on either of the boundaries r = r, and r = r, 
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are separately equal to zero. On the basis of formulas (6.100) and 
(6.101), for this problem, too, the functions ọ (z) and p (z) are ho- 
lomorphic inside the ring, and are determined from conditions (6.163); 
here f (t), f (é.) assume the form 


a 


f(t) = —ipir, | (cosa +isin a) da= —pı (t— ri), 
0 (6.165) 


f (te) = — P2 (t2— r2). 
The functions ọ (z) and 4p (z) are taken in the form 


p(z)=az, e=}, (6.166) 


where the coefficients a and b are supposed to be real. For these, sub- 
stituting (6.164) and (6.166) in the boundary conditions (6.163), 
we obtain a system of two linear equations 


1 1 
2a+ a oe — Pi, 2a b= — pz. 


The roots of this system are 


a Pari — Prrt b= rir? (Pı — P2) 
2 (r3—r}) ’ ns ’? 
Then 
_ _ Par§— Pir} _ __ird (Py — Ps) 1 
92) = — Daw PA — a T 


Substituting these functions in formulas (6.123) and (6.121), we ob- 
tain relations (6.50) and (6.51) with q = 0 for the determination of 
the components of the stress tensor and of the displacement vector. 

Consider, now, the following problem. 

Let given stresses Ta, and Tao be applied on the circumference L 
of a hole of radius R in an infinite plate. The plate is under uniform 
stress at infinity. Determine the state of stress in the plate. 

On the basis of formulas (6.69) and (6.122) we have 


or— iopo = gy (2) +p (2) —[zq" (z) + tp’ (z)]e2*. (6.167) 
Substituting (6.104) and (6.105) in (6.167), and using (6.106), we 
have, on the circumference L, 

a ak R \kt ak t \k+1 
PA [k+ 2 Rht1 (+) +h Rhti (=) z 


aa ag ie ol 
Rh+ t n(itxzR t 2nR R 











4+2ReP—I’ (+) =Tar— iTr. (6.168) 
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We expand Tar — iTho on the circumference r= R in a Fourier 
complex series: 


Pu —iT y= > [on HETI (4)"}+a0, (6.169) 
k=1 
where 


2n 
k 
=x | (Tnr— iP ne) (=) dð (k=0, +1,4+2,...). (6.170) 
0 


Substituting (6.169) in (6.168), and comparing the coefficients of 
like powers of = » > on both sides of the resulting relation, we obtain 


V,+iV, 











b b 
yrt2ReP=a, 2- Raroa Tee OR TN 
l=, —k peer TAk (6.171) 
bha 
k (k +2) me -+(k+2) a: =0qa) (k=2, 3, ...). 


After determining ap and bp from these recursion relations, the com- 
ponents of the stress tensor are found from formulas (6.123). Consider 
the case when Tho = T, = constant, Tar = 0, and when there is 
no stress at infinity, i.e., T = I” = 0; from (6.170) and (6.171), 
using the fact that V, = V, = 0, we have 


a = —iT, a =O (k= F1, F2,...), 
a,=0 (F=1,2,...), by = —iT,R?, bp=0 (k= 


a) aes ae ae 
Consequently, 
; R2 
ẹ(2)=0, Ņ(2)=— iT: = 
and 
T,R? 
0,=09=0, O,9= a ‘ 





The solution obtained coincides with the earlier solution, assuming 
r = œ, T, = 0, r, =R. 
For the case Taho = 0, Tar = —p, and T = I’ = 0 we have 


G=—p, a@=0 (k=1, 2,...), 
an =0 (k=1,2,3,...), & =—pR*, b, =0 
(k = 2, 3,...) 
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Consequently, 
1 
9 (2)=0, p(z)= —pR?— 
and 


1 1 
ora =0, o= —pR?-y, =p. 


The last formulas coincide with formulas (6.50), assuming r, = œ, 
P: = 0, pı = p, and r, = R. 


54. INFINITE PLATE WITH AN ELLIPTIC HOLE 


Let us use the conformal mapping method to solve the problem 
of an unloaded elliptic hole in an infinite plate subjected to equal 
principal normal stresses p at infinity. 

Since the quantity Im T does not affect the state of stress, it is 
taken to be zero; from formulas (6.107) we find 


r=; p, I’ =0. (6.172) 
With the use of the formula 
z=o(t)=A(C'+m~), A>0, 0<m<t 
(6.173) 


the outside of the ellipse with centre at the point z = 0 and semi- 
axes A (1 + m), A (1 — m) is conformally mapped onto the unit 
circle |¢ |< 1. 


Remembering that the hole is not loaded, from relations (6.104) 
and (6.105), with (6.172), we find 


p=- z+ p(z), p(2)= Po (2). (6.174) 


From this, by virtue of (6.117) and formula (6.173), we have equal- 
ities corresponding to (6.174): 


Osr At pO O=O, 


or 
aQ=Fo+e,.0, v O= O, 
p O =FEt t 43 O, 
where @, (6) and p, (Ċ) are functions holomorphic inside the circle. 


Substituting the functions Q, ($) and , (Ċ) in (6.124), we see that 
the functions p, (¢) and p, (¢) must satisfy the same equation that. 
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is satisfied by the functions q, ($) and p, (¢), if the right-hand side 
is replaced by 
fO) =f) tiff) +B (-0t+ 22) ic 

2 o’ (0) 0? 
Taking into account that ff (o) = fž (o) = 0 for the given problem, 
and assuming C = 0, we have, after some manipulation, 

z 4 2 

to=- [0 pece ; 
In the functional equation (6.161) and in relation (6.162), instead 


of the functions @, ($), pı (2), fa (0) + ifa (0) (provided Pa (0) = 0) 
we introduce the functions 9, ($), p. (9), f (0), i.e., 


©) %O gg ( £0) 
00+ J SRT do = a7 | Ledo, (6.175) 
X Y 





Flo) 


(0) 1 ® (0) g4 (0) 
tbe () = 55> = | LT do — J SHE do. (6.176) 
Y 


Substituting (6.173) in Eq. (6.175), we find 


(1+ mo?) Pa (0o)do _ 
Pa È) +a f o (m— 0?) ma a 
Y 


_ _ PA 1 4 ote) 
=i j a [++ eee | ao. (6.177) 
Y 








The functions 
1+ mo? 
Smo P p4 (0), 
are the boundary values of the regular functions outside the circum- 
ference y 


4+ mf? (1 

t (m— C2) p ( ae T’ 
which vanish at infinity. The function Eo saz has poles 
t = +V m, ¢ =o inside y. Taking into account everything that 


was said above, and noting that the point ¢ lies inside the circle 
| |< 1, from (6.177), using the properties of the Cauchy integral 
and the residue theorem, we obtain 
(= —-4 pmt. (6.178) 
Then : 
A 
o =F (7r). (6.179) 
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Substituting (6.174), (6.175), and the derivative of function (6.179) 
in (6.176) we find 


nO- —2A f for tt |4- 
: 


2ni o (1 — mo?) o—% 


_pAm i PE do. (6.180) 


2 2ni J) (4—mo*)(o—f) ` 
Y 
Since 
02 -+-m ST. (1+ m?)o 
o(1—mo2) a 1 — mo? 


(+m?) o o (0? + m) 


and m< 1, the functions 6, -po °> 1 mo 


are the boun- 
dary values of the functions 
t (1m?) E(t m) 


4—me? ? 1— mg ’ 
regular inside | € | < 1 and m/o is the boundary value of the func- 
tion 2, regular outside | €| <1. 
Hence, noting that the point € lies inside the circle | € | < 1, and 
using Cauchy’s formula, from (6.180) we find 


tbs (= ty O= — Ap (1 m4) Ge. (6.181) 





Relations (6.179) and (6.181) can easily be expressed in terms of 
the basic variable z if for ¢ we substitute the inverse function as deter- 
mined from (6.173): 


(2— V 24m2?) 





1 
c= 2mA 
(the minus sign is taken before the radical as the point z corres- 
ponding to | | <1 is outside the ellipse); the components of the 


displacement vector and of the stress tensor 011, O22, 01, can easily 
be found from formulas (6.121) and (6.123). 


55. SOLUTION OF BOUNDARY VALUE PROBLEMS 
FOR A HALF-PLANE 


The following notation will be used below. Let ® (z) = u (a, 
£) + iv (x1, z) be a function of the complex variable z defined in 
some region of the z plane. Then Ọ (z) denotes a function assuming 
values conjugate to ® (z) at points z conjugate to z, i.e. 


® (z) =O (2) (6.182) 
11-0884 
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or 
D (2) = Uy (x4, La) + ivy (x4, £2), 
where 
uy (x4, Lo) =U (xy, —Zy), Vy (x, Lo) U (21; —zt). 


(6.183) 


It is readily observed that if ® (z) is holomorphic in some region S, 
then ® (z) is holomorphic in a region S representing a region sym- 
metrical with respect to the region S about the real axis. Indeed, as- 
sume that ® (z) is holomorphic in S; in the region S we then have 
ð ô ) 
u _ v OY ne is D (C-R) 


ôr, Ot,” Ory Oxy 
Taking into account relations (6.183) in the conditions (C-R), in 


the region S we have 
Ou, _ v ðu Ov, 
zı Of,’ Ot, O2,° 








The last relations show that the functions u, (z,, x2) and v, (£i, £a) 
satisfy the conditions (C-R) in the region S. 

Let a body occupy the lower half-plane bounded by a straight 
line which will be taken as the axis of abscissas. Let the lower half- 
plane Im (z) < 0 remaining on the right when moving along the oz, 
axis in the positive direction be denoted by S- and the upper half- 
plane by S*. 

Let the function ® (z) be defined in S-; the function ® (z) is then 
defined in the region S*. Let there be a boundary value ®- (t) where t 
is the affix of some point of the ox, axis; from formula (6.182) it 


directly follows that there is a boundary value @* (t) such that 
D (t) = D (t) 

or 
D (t) = D (t). (6.184) 


Let complex potentials D(z), p (z) be defined in the region S7, 
and let there be unloaded parts of the boundary oz. 

Let us rearrange formulas (6.77), (6.78), and (6.83) in a convenient 
form to use; for this purpose we construct the analytic continuation 
of the function ® (z) into S* through the unloaded parts of the boun- 
dary. From formulas (6.77) and (6.78) we have in the region S-: 


Ong — i01 = O (2) + D(z) +20" (2) + F (2), (6.185) 


where 


Pore, Vv @=¥@). 
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Take the function ; 
O (2) = —@ (z) —2®’ (z) — ¥ (2) (6.186) 
defined by this equality in the region S*. 
It appears from the above that the function ® (z) defined by equa- 
lity (6.186) is holomorphic in the region S*. 


We write z for z in (6.186), assuming that z is in S~, and transform 
to conjugate values, i.e., 


®@ (z) = —O(z)— 2’ (z)— Vz): 
from this 
W (z) = —® (z) —® (z) — z®' (2). (6.187) 
Formula (6.187) determines the function ¥ (z) in the region S~ 
through the function ® (z) continued into the upper half-plane. 


On the boundary Im z = 0 expression (6.186) (as z >¢ from the 
region S*) becomes 


D+ (t) = — D (t) — tD (t) — F (2). (6.188) 
Expression (6.185) on the boundary Im z = 0 is of the form 
Oza — i049 reo = O7 (t) =D (1) + 1D" (1) +F (t); (6.189) 
hence, on parts of the boundary where O3, = Oig = 0 we find 
D` (t) = — D (t) — tD (t) — F (t). (6.190) 


Comparing (6.188) and (6.190), and using (6.184), by the definition 
of @* (t) and ¥* (t), we have 
D (t)= D (t). (6.191) 


Consequently, the function ® (z) defined by means of (6.186) in 
the upper half-plane is the analytic continuation of the function 
@ (z), holomorphic in the lower half-plane, through the unloaded 
parts of the boundary; in other words, the function ® (z) defined by 
formula (6.186) is a sectionally holomorphic function in the whole 
plane cut along the loaded parts of the boundary Im z = 0. 

It follows from the equality conjugate to expression (6.189) that 
the function ¥ (z) can be continued through the unloaded parts. 
Relation (6.185) may be put into a different form. Substituting (6.187) 
in (6.78) and (6.185), we obtain convenient formulas to use in prac- 
tice 


O23 — O41 + Dio, = 2 [(z— z) ®' (2) -D(2z)—D(z)], (6.192) 
O22 — i013 = D (2) — W (2) + (z—2) D' (2). (6.193) 


41* 
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We now rearrange formula (6.83). For this purpose we continue the 
function ọ (z), holomorphic in the region S~, into the region S* 
ŝo that in this region 

g’ (2) =D (2), 


where ® (z) is given by the right-hand side of (6.186). (As found, in 
the presence of unloaded parts it analytically continues the unknown 
function ® (z), regular in the lower half-plane, through these parts.) 
By using formula (6.186), the last relation can be put into the form 


p’ (= —[D (2) +20 (2) + F (2)] = — [z9" (2) +Y (2)'s 

in the region S* we then have 

@ (2) = —29' (2)—p(2) +e. 
It results from this equation that the following relation holds in 
the region S-: 

Y (2) = —9l(2) —29" (2) +e. 
With the use of the last relation, formula (6.83) becomes 

2u (u, + ie) = xe (2) + 9 (Z) — (2—3) p (Z) +e. (6.194) 


In the following discussion it is assumed that the function © (z) 
is continuous from the left and from the right on the contour Im z = 
= 0 except possibly at a finite number of points ¢,, and that, in ad- 
dition.. 
lim zD (z) =0 (6.195) 
X> 0 
for any point of the contour, while the following inequality is valid 
near the points fp: 


|’ (2)|=|® Ga, oF (0<A< 1). (6.196) 





These conditions ensure that the stress tensor and the displacement 
vector are continuously extendible to all points of the boundary, 
with the possible exception of the points t}. 

Suppose that, for large |z |, the functions ® (z) and ¥ (z) may be 
represented as 


@()=t+0(+), w@=L+o(+), 649 


where y, y’ are constants; the symbolo (+ ) represents a quantity such 


that |o (> : \|< a (e depends on | z | and tends to zero as | z | — œ). 
To these conditions must be added further conditions: for example, 
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that the following expressions hold for large | z |: 
z)=y ln z +0 (1) + constant, 
paa Y +o(1)+ (6.198) 
wp.(z) = y' ln z +o (1) + constant, 
where 
ļo(4)|<e (e—>0 as |z|—> o0). 
With these relations, the components of the stress tensor are zero at 
infinity. 

Let (Vi, V;) be the resultant vector of the forces applied to a seg- 
ment AB of the boundary Im z = 0 on the side of the region S~. 
Substituting (6.198) in formula (6.74), and letting the end A go to 
the left and the end B to the right independently of each other, we find 


Vit, =i (y+ 7) nHn — y) Hie. 


Here r’ and r” are, respectively, the distances of the points A and B 
from the origin and e is a quantity tending to zero as r’ and r” — oo. 
For the resultant vector (V;, V;) to remain finite when r’ and r” — œ 
independently of each other, we must assume 


vty =0; (6.199) 
then 
Vi + iVi =n (y — y). 
On the other hand, the following relation must be true: 
Vi + iV =Vi + iVa 
where (V,, V) is the resultant vector of the external forces applied 


to the entire boundary (it will always be finite if the forces are ap- 
plied over a finite part of the boundary); consequently, 


Vi + iVa= a (y — y). (6.200) 
From two linear equations, (6.199) and (6.200), we have 
Syn SES an (6.201) 


Y on? ~ OR 
1. Solution of the first fundamental problem. In this problem the 
external forces on the contour L are prescribed as follows: 


Tn, =02 = — P(t), Tn, =01:=T (t), 


where p (t) and 7T (t) are, respectively, the pressure and the tangen- 
tial force satisfying the Hölder condition on the contour Im z = 0, 
including the neighbourhood of the point at infinity. Moreover, 
p (œ) = t (oo) = 0. According to (6.193) and (6.195), the boundary 
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condition becomes 
D (t) —D" (¢) = p (t) + it (2). (6.202) 


It is seen from (6.202) that the solution of the first fundamental prob- 
lem is reduced to the determination of a sectionally holomorphic 
function from a given jump. The solution of this problem, vanishing 
at infinity, is, by (6.149), 


Do = r | OEA a, (6.203) 


2ni t— 


Knowing the function ® (z), the components of the stress tensor (044, 
O22, O13) and of the displacement vector (u,, uw.) can be determined 
by formulas (6.192), (6.193), and (6.194). 

2. Solution of the second fundamental problem. Here the values 
of the components of the displacement vector on the contour L are 
prescribed as 

Uy = gı (t), Uz = 8 (t), (6.204) 
where g, (t) and g, (t) are given functions having derivatives which 
satisfy the Hölder condition, including the point at infinity, and 
u, (œ) = u, (œ) = 0. 

On differentiating (6.194) with respect to £ the boundary condi- 
tion (6.204) takes the form 


D* (t) + xD" (t) = 2p [(g; (t) + ig @)). (6.205) 
We introduce a sectionally holomorphic function denoted by Q (z) 
such that 
® (2) in S 
Q (2) -{ —+o (z) in St, (6.206) 


The boundary condition (6.205) then becomes 
n = Oh oF 
(t) —Q" (t) = —E (6, + ig: (t). 


It is seen from this equation that the second fundamental problem 
is also reduced to the determination of a sectionally holomorphic 
function from a given jump; its solution is of the form 


` u gi (t) + igs (t) 
L 
Thus, from (6.206) we have, finally, 


: Q (z) in S7 
ow- — xQ (z) in S*, 
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3. Solution of the fundamental mixed problem. Let the projections 
of the displacement vector g; (t) and g, (t) be given on a set of a 
finite number n of segments a,b; of the boundary Im z = 0, and the 
projections of the external force p (t) and T (t) on the remaining part 
of the boundary. The set of segments a,b; is denoted by L’, and the 
remaining part of the boundary by L". Since we already know the 
solution of the first fundamental problem, it is more convenient to 
take account of the effect of the given forces on L” separately; on 
this consideration we may always assume that the components 
p(t) = t(f) =0 on L". 

Thus, the boundary conditions for this somewhat modified mixed 
problem take the form 

u, + iu, =g(t)t+e(t) on L, (6.208) 

p(é)=0, ti) =0 on L’, (6.209) 
where g (£) = g, (t) + ig, (t) is a function given on L’. The above 
problem is related to the analysis of punches. 

If the quantity c (t) in condition (6.208) is constant on L’, it may 
be taken equal to zero, without loss of generality, for in this case 
the value of c influences only the rigid-body translation of the whole 
system. Here it is assumed that, in addition, the resultant vector 
(V,, V.) of the forces applied to L’ is given. The fundamental mixed 
problem in this formulation corresponds to the case of n rigidly 
connected punches. 

When c (t) = c}, where c, are some constants, it is permissible to 
fix arbitrarily only one of them on a,b,, without loss of generality, 
and the rest of the constants cp are to be determined. In this case, in 
contrast to the preceding one, it is assumed that the resultant vec- 
tors (Vir, Var) of the forces applied to each segment a,b; separately 
are given. This formulation of the problem corresponds to the action 
of n punches independently undergoing vertical displacements. 
When n = 1, the above problems are identical. On the basis of (6.208) 
a boundary condition (6.205) on ZL’ for both problems takes the 
orm 

D (¢) + xD" (t) = Qug’ (t). (6.210) 
By (6.193), with (6.195), the boundary condition (6.209) on Z” is 
equivalent to the relation D* (£) = ®- (t), so that the function ® (z) 
is holomorphic in the entire plane cut along L’. Consequently, the 
solution of the fundamental mixed problem is reduced to a non- 
homogeneous Riemann problem. 

Suppose that g’ (t) satisfies the Hélder condition on L’. The solu- 
tion > problem (6.210), not vanishing at infinity, can then be repre- 
sented as 


X 9 (2 ' (ùd 
D (2) = Hod ) laoet (z) P (2), (6.244) 
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where X, (z) is a particular solution of the homogeneous problem 
corresponding to (6.210), holomorphic in the entire plane cut along L’; 


it is given by 
ped 


1i -6 
Xo(2)= [] E-a) (be) 
with 


mi 2 Qn ° 





(eel ee Hy ZREN i lnx 


Also, P (z) is some polynomiał. 
Since the holomorphic function ® (z) is to vanish at infinity, the 
polynomial P (z) must be of degree not higher than n — 1; hence, 


P (2) = Pyeos (2) = Coz" + Cyz" + nee + Cn at. 


The coefficients Co, Ci, ..., Cn-ı in the polynomial P,- (z) are 
determined from additional conditions of the problem. When c (t) = 
= Cp on the segment a;b;, for such conditions we take the require- 
ment that the resultant vector (Vız, Var) of the forces applied to 
each segment a,b, must be equal to prescribed values. 

According to (6.202) we have 


P (to) +i (to) = D* (to) — D7 (to), 


where fy is the affix of a point of L’. Inserting (6.210) in this relation, 
we have on L’ 


P (to) + iT (to) = 


By applying the Sokhotskii-Plemelj formula to the right-hand side 
of (6.211), we find 


D (to) = pg" (to) HEC | OA + XG (lo) Prot (tole (6-213) 
E 





w 
(to) ——* g' (to)e (6,212) 





x+4 
x 


(t 


Inserting the value of ®* (t,) from this in condition (6.212), we ob- 
tain 

1) uXt (t 
p (to) + it (to) = E gi (t) +EH y 


g' (t) dt *+1 ve 
x | Gore t x X* (to) Prt (to). (6.214) 





Substituting in the obvious relationi 


j [p (to) + it (to)] dto = —Von+iVin (k=1, 2,..., n) 


akbh 
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the value of the integrand from the preceding equality, we arrive at 
a system of n linear equations for the constants C,_, (k = 1, 2,..., 
.-., n); its unique solvability follows from the uniqueness of solu- 
tion for the original mixed problem. 

To solve the problem when c (f) = constant on L’ (c4 = C} = 
=... = Cn), we calculate the values of 2u (u; + u,) on the unload- 
ed ‘part L” of the boundary L. Taking into account that in this case 
the function © (z) is extendible to the unloaded segments of the 
boundary L”, we obtain, by formulas (6.194) and (6.211), 


2u (u; + iua) = (x+ 1) D (ty) = 1268 4 
1 hf > + 
= [zo HHA) X; (t) Pros (ts). (6-215) 


Ou, oo ĝuz 
Ox, t Ue ad Ox, s 

On the other hand, on the unloaded segments b;,a;4, we have the 
obvious relation 





Here t, is the affix of a point of L”; ui = 


Ghat 
f (ui + ius) dty=g (an1) —g (br) (k=1, 2, ..., n—1). 
bh 


Inserting (6.215) in this relation, we come to a system of n — 1 linear 
equations for C, (k = 0, 1, ..., n — 1). 

The additional equation i is obtained by using a given value of 
the resultant vector (V1, V) of the forces applied to L’. On the basis 
of the first formulas of (6.197 ) and (6.201) we have 


VitiVe , 
27 u 


lim z@ (z) = — 


z= 00 


on the other hand, from formula (6.211) we find lim z® (z) = Co- 


Consequently, 
— _ Viti 
C= A 
Thus, it remains to determine C,, Ca, ..., Cn from the above- 


mentioned system of n — 1 equations whose unique solvability fol- 
lows from the uniqueness of solution for the ori ¿inal problem. 

In the case when g’ (t) = 0, which corresponds to a straight base 
of a punch parallel to the boundary Imz = 0, formulas (6.211), 
(6.213), (6.214), and (6.215), on account of the vanishing integral 
term in them, are considerably simplified. 
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56. SOME INFORMATION ON FOURIER INTEGRAL 

TRANSFORMATION 

The Fourier integral transformation is an efficient method for 
solving elasticity problems when a body is infinite or semi-infinite. 
We state, without proof, some results pertaining to Fourier in- 
tegral transformations. 

1. The Fourier transform of a certain function f (x) given on the 
interval (—oo, oo) is the integral 





TO= Vm | f@etar, (6.246) 


where § is an arbitrary real number, _ 

For the existence of the Fourier transform f (Ẹ) it is sufficient to 
assume that the function f (x) is absolutely integrable on the inter- 
val (—oo, o0). 

For the function f (x) satisfying, in addition, the Dirichlet condi- 
tions* on any finite interval, the following Fourier inversion formula 
is valid at points of continuity: 

fa)=Te | F@e Bag (—oce<t+o), (6.217) 
which expresses the function f (x) in terms of its Fourier integral 
transform. At points of discontinuity the right-hand side of equality 
(6.217) gives 


FIf (—0) + f (e +0)]. 


For functions satisfying the Dirichlet conditions on any open in- 
terval 0 < z < A and absolutely integrable on the interval (0, o0) 
we have 


Aa-V = [L @sine) a rO- 
0 


auf af f(z) sin (Ex) dz, (6.218) 
0 


o= Zf fe (@) cos (Ex) dx, fe® = 


= Ve f f (x) cos (x) dz. 
0 


* If a function f (x) on an interval (0, A) has no more than ¢tfinite number 
of finite discontinuities and a finite number of maxima and minima, this function 
is said to satisfy the Dirichlet conditions on the given interval. 
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The function 


v=} TU 


is called the convolution of the functions f amd g on the interval 
{—œ, 00). 
Theorem. If f (8) and g (&) are the Fourier transforms of functions 
f(x) and g (zx), i.e., 
| f@etde, O= | goedde 
— J ? V 2n J ? 
then the Fourier transform of the product f ($) z (&) is the convolution 


of the functions f (z) and g (x). Indeed, assuming that the inversion 
of order of integration is permissible, we can write 





f@= 





| ¢@f@—-) t= te OTe i F(t) e-e- di= 


= 1 F(t) e-itx dt VE 1 g (6) et dE = y f(t) g(t) e-i dt. 
Hence, 


| FOR@e*de= | eOie—Ha. (6.219) 
Theorem. The Fourier transform of the function d"f/dz" is equal 
to the Fourier transform of the funetion f (x) times (—i&)’ if d*f/dxz* + 


+0 as z — +o (k = 0, ..., r — t), ie, 
ee TTE) oige doy = (— if)? f f(x) et dz. (6.220) 


According to the definition of the Fourier transform, 


1 § ah) TE) 
TE (a TAD eft dae =O, (6.221) 


On integrating the left-hand side of (6.221) by parts, we find 





2n 


F (2) pate J? g arf (2) i d'f (E) 
[E dxt-1 ete | oy j dxt-1 da = dgr e 
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Since d’-'f (z)/dz’-! +0 as x >-too, we have 


-87 








( a4 (2) iede TO 
ala T ett da = E. (6.222) 
Integrating, now, the left-hand side of (6.222) by parts, we find 


ee diat (2) pits gp PTO 
( if) V 20 i dx? dz “der x 








Repeating this operation, provided that d"f (x)/dz” +0 (n = 1, 
2, ..., r— 1) as z — +o, we obtain, finally 


(— 1 f (2) èt dr = ZEO, 


Ti 


With (6.221), the last equality takes the form of (6.220). 

2. Multiple Fourier transforms. The theory of the Fourier trans- 
formation of functions of one variable can be extended to functions 
of several variables. Suppose, for example, that f (z,, z3) is a func- 
tion of two independent variables, zı and z,; the function f, being 
considered as a function of z,, has the Fourier transform 


F, £2) = | f (a4, T2) et% dzı, (6.223) 


vm 


and the function f (€,, £), being considered as a function of x,, 
has the Fourier transform 


o0 
Vi Sis. 


We see from expressions (6.223) and (6.224) that the relation be- 
tween the functions f (x, z) and F (&, &,) is of the form 





F (Es, $) = Í (Es, 22) et dag. (6.224) 


FG, =r | f fey, mp) iteti dey dey, (6.225) 


—00 -0 


The function F (&,, &,) is the two-dimensional Fourier transform 
of the function f (z,, £). On the basis of (6.217) the function f (z1, £2) 
can be expressed in terms of f (E,, x) by the following formula: 





Taras z | ie Ei, 2p) en dE, (6.226) 
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Similarly, from expression (6.224) we find that 


Fev a) = y | PG. tetdi (6.227) 


From relations (6.226) and (6.227) we derive a formula known as the 
inversion formula for the two-dimensional Fourier transformation 


f (4, z) =z | j F (&, Eo) e7 i121 +822) dE, dE. (6.228) 


The extension of this formula to functions of more variab.es is ob- 
vious. 

Let f = f (a, ..., Zn), then the n-dimensional Fourier trans- 
form of this function is 


F (Ey, o 20. a= 
1 foe} foe] 
= (+) \ bee \ f (a1, o.a, Xp) PEt +E n) day... dEn. 
i 2 (6.229) 
For this case the inversion formula is of the form 
PEs ia. iE 
=n oo foe} 
= (=) ieee | F (Es «204 En) eTit Enn) dE, o. dEn. 


We now show that if F (1, &,) and G (&,, &,) are the Fourier trans- 
forms of functions f (z4, z) and g (zı, £), the Fourier transform 
of the product F (&,, E) G(&, §) is the convolution of the func- 
tions f (21, z3) and g (z1, z2). Indeed, we have, by formula (6.225), 


co œ 


1 42 
on f í F (G1, E2) G (Eq, Ea) e~"Gats ters) dE, dg = 
r e , 1 re 
= í } G En Ed emi&ett dB, da|ar f YF (ta ta) x 
l 7 1 oo oo 
x etl Eiti +8 ote) dt, dt, | monk \ | f (t, te) dt, dts x 


foe} 
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Taking into account (6.228), we obtain the convolution formula 


\ | Í (ti; t2) g (£1 — by, £2 — t2) dt, dtz = 


oo 


-| 


— 0d 


| F Ge, Ea) G i, Ep) e~t dE dE, (6.230) 


As the n-dimensional analogue of formula (6.230) we obtain 


foe} 


j a f fln o., tn) g (ti— ary Ta — tn) dti... dtp = 


~o 
foo] 
=e 
— oo 


F (Es, «00s En) G Èn oo oy En) OTHE tEn) dE, dE ye 
(6.231) 


38 
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Let an infinite plane be acted on by given volume forces pF, (£1, £a)» 
oF, (£1, z2), and let the projections of the displacement vector and 
the components of the stress tensor tend to zero as zı, £ > œ. De- 
termine the state of stress for the case of plane strain. By multiplying 
the equilibrium equations (6.5) and the strain compatibility equation 
(6.11) by the Fourier kernel exp i (&2, + Ëz), and integrating 
them with respect to each of the variables x, and z, between the 
limits —oo and +00, we come to a system of linear algebraic equa- 
tions 


E1044 + E042 Se ioF 1, E042 + E022 => ipF,, (6.232) 
O44 (1 — v) E2 — vE2] + Oo [(1 — v) E — vI — 2E Enon = 0, 


where use has been made of the two-dimensional Fourier transforms 
of the functions Okr, Fp (r, k = 1, 2) defined by (6.225): 


Tar (Ets E) = g | È One (En Za) exp [i Gres + 22a)] dz da, 


oo 


Fy Œo 8) =ar | | Fa ei za) exp [i Gits-+Eota)] dey dap. 


— o0 
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By solving system (6.232), we find 


e za i IF, i F, 
O11 H022 = -h ee. (6.233) 





O44 — Oo, = 80—22) $i — t (it, Fa + it Fa) — 40 E1Ea (tbo — ib: Fa) 4 














(wy) GTE e+e 
(6.234) 
ie Oe (iF, — iF) —9 E =e i i ah 2) (6.235) 


On the basis of the inversion formula for the two-dimensional Fou- 
rier transformation (6.228), from (6.233) we find 
iP +iber , 
on +On= — yy | | g exp [— i Eiti + Eata) dbs d. 
Let us show that the function i&,/(&? + &3) is the Fourier trans- 
form of the function z,/(x{ + 23). Indeed 


oo oo 
1 zı abt ae 
ry | | Tag CYP i (Eata + bet) day dr, = 
—00 — 00 


o0 oo £ 
Xii 
= | eibsXs dza f aye ie dx Lie 











Teak 
— oo — 00 
Here 
Py zeb 
J apap Ot 
( 0 
í . mtie~ &*2 when T:> 
ixit & > 0 
2ni res. —— E = 
i : (1 -+ ix) (1 — tr) xix, ~ | — nie- ËX: when z <0 
=} \ & < 0 
E 0 
; | — nie&:*: when T2 > 
7 z et™¥i$1 E < 0 
270 res. ———_—___— =} 
(21 -+ iX) (£1 — i£) |x=- ixa | niette when Ta < 0 
l &>0 
Then 
1 oo oo 
a | | aroia tbe dude= 
J xri + 


0 o0 
: i 1 . z 
ie¥:(%1+1$2) dtr: +-5 { ie”:(- 81+ 1&2) dt, = 7 


e 0 


a 
2 
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Noting that the function i&,/(&7 + £2) is the Fourier transform of 


the function x;/(z}? + 2x3), we obtain, by the convolution formula 


(6.230), 


oo oo J F, , 
J J = are exp [— i (E121 + Ẹo22)] dE, dEy = 


—a, 
= f \ F(a, O9) Gata am das (A= 4, 2). 


From this formula and calculations similar to those given above 
[the functions 2é8,83/(E? + €)%. it, (E? — £3)/2 (2 + £3)? are the 
Fourier transforms of the functions x, (2? — 23)/(x; + 23)? and 
zz (<? + 23)?] we obtain 


O44 + Oz = nae 

=~ ais | | Sepa ante 
nog E 

| | enenge pme 

x day dds — £ j a ere ee [(ay — a4) Fy (4, &) + 


-+ (£3 — Og) Fo (4, A2)] day das, 


p(t—2v) E E (@,—a)?— (r: —0)? 
deca | | a ae a Ea Pa (os, a) — 
— (x, — Q1) Fo (a4, &)] da, da, — 
0 t P (æ — 0) (2—0) [l — Q1) Fy (X1, Qo)+ (22—23) Fo (Q1, H)] 
=a es anae o adaa 


As an example let us consider the problem of an infinite plane 
acted on by a concentrated force F. The solution of this problem 
is useful in displaying the nature of stress singularities in the neigh- 
bourhood of the point of application of the force. We choose the 
origin at the point of application of the force, and take the direction 
of the force coincident with the negative zx, axis. The mass forces 
may then be represented as 


F, (29 2) = — ô (x) 8 (2), Fa (zo z)=0. 
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Here ô (xz) is the Dirac function possessing the following properties: 
5 (x;,)=0 when x, 0, 


f 8 (tq) day = 1. 


— 00 


From the last formulas we obtain, finally, 


Fx 2x2 
= Fn (1—v) CET {a =%) +aa} ’ 
Fz 2x2 
022 = av) GETA (1 + 2y)— 3TA , (6.236) 


Fry 2a? 
o= ey ay (2) tap 


Also, the component of the stress tensor 03, is determined by the well- 
known formula 


O33 = V (Oy, + O22). 


It is clear from formulas (6.236) that all components of the stress 
tensor increase without limit as x, —> 0. 


58. SOLUTION OF THE BIHARMONIC EQUATION 
FOR A WEIGHTLESS HALF-PLANE 


To solve the plane problem of elasticity in the absence of body 
forces, it is necessary, as was established in Sec. 42, to integrate 
the two-dimensional biharmonic equation (6.26). The solution of 
this equation will be given for a half-plane bounded by a straight 
line. Let this half-plane occupy the region z, > 0 in a rectangular 
co-ordinate system. 

By multiplying (6.26) by exp i&z,, and integrating with respect 
to the variable z, between the limits —oo and +00, we obtain 


it) ao i 
f (r dat +2 rF “Ox? O23 + ay oa 2 a) ee a 6227) 


On the basis of formula (6.220) equality (6.237) can be put into the 
form 


a \ Deié*: dx, + 2( = i)? a Dett: dz + 


oo 


+(—i)* | el de, =0 


12-0884 
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or 





d 2 
FTE + BO =0, (6.238) 

where 
Q (ai, = È D (xy, x) fda (6.239) 


— 0 


The roots of the characteristic equation of the differential equation 
(6.238) are 


n=r=]ġlh r =n = —]ē]. 
The general solution of (6.238) is then 
Q = (A+ Bay) e7!81 %1 + (C + Day) elts, 
To obtain a bounded solution, it is necessary to put C = D = 0, 
giving 
Q= (A+ Bay) e181, (6.240) 


The coefficients A and B are determined by the boundary conditions 


of the problem. 
From the Fourier inversion formula (6.217), and (6.239), we find 


O (zn t) = 5 | O (en Bert a (6.241) 


Thus, the stress function can be obtained by quadrature. 

Now multiply Airy’s formulas (6.24) by exp i&z,, and integrate 
with respect to the argument z, between the limits —oo and +00 
taking into account formulas (6.216), (6.220), and (6.239), we find 








- 4 f PD aite da, = -7z £0 (zn B), (6.242) 








On = V 2n ôx? 
Gani 4 e “Oo 4 æ ; 
ia | gp Ot d= aoe D (6.243) 


= 00 





= es) coe meee: iE x, = aaa Is SS! % 
O42 = V in F i a A e dt; = V in 7 A . ( 244) 
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From (6.242), (6.243), and (6.244) we obtain, by the Fourier inver- 
sion formula, 


T= ; 1 
O44 (T1, 22) = 7E f O44 (£1, Ẹ) e71: dE = or f EQe-itr dE, 


-00 





(6.245) 


j ; 

=a | pede, =a J Ee ent dg, 
This method will be used to solve two obieni; 

1. Half-plane with a distributed force applied to the boundary. 
Let the z, axis be taken along the boundary of the half-plane, with 
the z, axis directed into the half-plane. Suppose that T, = 0 and 
T,, = p (z) are given on the boundary z, = 0, and there are no 
body forces acting on the half-plane. Assume that the components 
of the stress tensor tend to zero as z, —> oo. The integration constants 
A and B in solution (6.240) are determined from the boundary con- 
ditions 

Ty, = —0y; (0, z3) = p (£3), Ta = —04, (0, za) = 


By multiplying these conditions by exp iz, and integrating with 
respect to the variable z,, we have, for x, = 0, 





oo 


Jeete f 041 (0, z3) 5%: dz, = 
V on we 


oo 


= TE f p (az) et dza = —p (È), (6.246) 


Ti = = 0. 
Substituting (6.240) in (6.242) and (6.244), we find from the boundary 
conditions (6.246) that 


4=VE5@, B=VE (e170. (6.247) 


Inserting (6.247) in (6.240), and sate the result obtained in 
formulas (6.245), we find 














Sue J POLHE eniad, 
w=- f? P(E [1— |E [ay] eml81%- i dE, (6.248) 





i PẸ) bel laite a, 


12* 
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If, in particular, the pressure on the boundary z, = 0 is uniformly 
distributed over the section —a < x, < a (Fig. 26), we have, by 
formula (6.246), 


a 





rO- f dt dr, = ve py (6.249) 
Since function (6.249) is even in &, formulas (6.248) are rewritten 
as 
o= — =P [a e=% sin (Ea) cos (Exe) dE, 
0 
O22 = — HPs (ee e75% sin (Ea) cos (Ex) dE, 
0 
o= — Pot [em sin (£a) sin (Es) dÈ. 
0 


By evaluating, now, these integrals, we find the components of 
the stress tensor 


O1= 3a [2 (8, —8,) + sin 20, — sin 20], 
O22 = xe [2 (8. —9,) — sin 20, + sin 20,], (6.250) 
Oi = oe (cos 20, — cos 20;), 
where, referring to Fig. 26, 


z —a 
Ti 


zx a 
0, = arc tan > 9,=are tan Sache i 
1 





2. Half-plane with a concentrated force applied to the boundary. 
Consider the stress distribution in a half-plane (Fig. 27) with a con- 
centrated force T applied to the boundary at the origin in the direc- 
tion of the z, axis, when body forces are absent. The solution of 
this problem can be obtained from solution (6.248) assuming that 


Po = KE Tiza and a —>0 in formula (6.249). Then 
= T si T 
rO=7 | =F. (6.251) 
Inserting (6.251) in formulas (6.248), we find, after evaluating the 
integrals, 








2T x? 2T zxz? QT xx 
Wire Get aS Se ae) Sa Sa (G:292) 
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where 
r=V EF t. 


As z, — 0, z, — 0, the components of the stress tensor increase 
without limit. We now calculate the normal and tangential stresses 
on a plane perpendicular to the radius vector. Let the rotated co- 









Po 







12 





Xf 
Fig. 26 Fig. 27 


ordinate axes be taken to coincide with the normal and tangent to 
the given plane (Fig. 27). From formulas (1.13) 
Ore = Oma&rm&%ch 


and from the table given below we have 





O2=0, o =0. 
Introducing the notation 0i, = Opr, Ois = 0,9, O32 = Oga, we obtain 
the formulas 


2T z; __ 2I cos®ð 
nm r? n Ee? 





O79 = Oeo = 0. 
T 

z ; x 
| 41 = Cos o=- æ =sin 0=-> 


22 


Og, = —sin d= — 
21 r 


T. 
æ= Cos 0 = 





CHAPTER VII 


Torsion and bending 
of prismatic bodies 


59. TORSION OF A PRISMATIC BODY OF ARBITRARY SIMPLY 
CONNECTED CROSS SECTION 


Let the bases of a homogeneous isotropic prismatic body be acted 
on by forces that reduce to twisting couples. Moreover, body forces 
are absent and the lateral surface of the body is free from external 
forces. 

Let the oz axis be taken parallel to the generators of the lateral 
surface, and the ox, and oz, axes at one of the bases of the bar (Fig. 28). 

The problem of the elastic equilibrium of a prismatic body under 
the above conditions is reduced to that of finding op, satisfying, in 

the region occupied by the body, 

the differential equations of equi- 
librium {(2.25) in the absence of 
body forces and the formulas of 

Hooke’s law (4.35), as well as the 

boundary conditions on the lateral 

surface and at the bases of the 
prismatic body. 

The problem thus formulated 

_ presents great mathematical dif- 

Fig. 28 ficulties. Hence, on the basis of Saint 

Venant’s principle, if the length 

of the prismatic body is sufficiently great in relation to the dimen- 

sions of its bases, we can relax the boundary conditions at the bases 

so that the resultant vector and the resultant moment of the forces 

applied to the bases will have prescribed values; the actual distribu- 

tion of forces at the bases will have little, if any, effect on parts. of 

the body well away from the bases. Such an integral satisfaction of 

the conditions at the bases permits a sufficient freedom for the choice 

of solution. 

Starting from the above assumptions, Saint Venant solved this 
problem in terms of displacements by his semi-inverse method, The 
solution of the formulated problem in terms of displacements is 
sought by Saint Venant in the form 





Uy = —Tylg, Ug = TXs%, Ug = TỌ (%, T2), (7.4) 
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where t is a constant called the degree of twist and Ẹ (2, X2) is a 
function to be determined. 
Displacements (7.1) show that the cross sections do not remain 
plane but warp, and, moreover, all sections warp identically. 
From the formulas of Hooke’s law (4.35), with formulas (3.26), 
the components of the stress tensor op, corresponding to displacements 
(7.1) are obtained as 


0 
O34 = uT (-%) r o= pr (52 +21) (7.2) 
and 
01, = O22 = O33 = Olz = O. (7.3) 


Substituting (7.2) and (7.3) in the differential equations of equili- 
brium (2.25), when body forces are absent, we see that the first two 
of them are satisfied identically, and the third equation gives 


0? a 
aes oat =0. (7.4) 





The last relation shows that the function 9 (z1, z,), known as Saint 
Venant’s torsion function, must be a harmonic function of the va- 
riables z, and z, in the region S occupied by the cross section of the 
body. It follows from the third formula of (7.1) that the displacement 
us must also be a harmonic function. 

Noting that the outward normal n to the contour of any cross 
section is perpendicular to the or; axis, we have n = 0. The first 
two conditions of (2.22), in view of the absence of external forces 
on the lateral surface and by condition (7.3), are then satisfied iden- 
tically; the third condition of (2.22) on L, with (7.2), becomes 


ô ô f 
(ge t) m (E Ha) m=0, (7.5) 
where L denotes the boundary of the region S. 
Taking into account that 
2p. Oe, 20. 
az, m+ Ir, 2 on 


instead of (7.5) on L we obtain 


: ô 
SE = tay — Tins, (7.6) 


where ae is the derivative of ọ along the normal n. 


The problem of determining the function 9 (x, z,) is thus the 
Neumann problem for Laplace’s equation. It is easy to show that 
in our case the condition for the existence of the solution to the Neu- 
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mann problem is fulfilled. Indeed, 

; d: 
| ka= | emmamnai= | (at ta atm 
L ¥ ) 


= | a5 æ+) =0. 
L 


If this condition is fulfilled, the solution of the Neumann problem 
is determined, apart from an arbitrary additive constant. This con- 
stant is unimportant since the replacement of the function ọ by 
@ + c does not change the state of stress, a result which follows from 
formulas (7.2), but produces, as the third formula of (7.1) shows, 
only a rigid-body translation of the body along the oz; axis. 
The following identity is valid for the harmonic function ọ. 
ô op ô op op S 

Or, Ti (a —2,) | tan Tı (a +a) | er, a (7.7) 
on the basis of this identity, with the boundary condition (7.6), we 
find that the resultant vector of the shearing stresses applied at the 
cross section is zero. Indeed, 


V= f oy do= yr | ne do = 
a 


mu | {azr [= (a2) | Hazy Le (Gp +) ]} 2. 


From the Gauss-Ostrogradsky formula and the last equality we obtain 
ô 
Vi=pt je z | (2 A —z,) m+ (2 Fs +a) n | dle 
L 


In the last formula, using the boundary condition (7.6), we have 
V, = 0; in a similar way it is proved that V, =0. Hence, the shear- 
ing stresses applied at the cross section reduce to a couple of mo- 
ment (Fig. 28) 





M= j (24039 — 2031) do. (7.8) 
(0) 


Inserting in this formula the values of O32, O31 from formulas (7.2), 
we obtain, finally, 
M = Dt. 


In this formula 


ô ô 
D=y) (+a Ht = ) do. (7.9) 
W 
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From the equilibrium condition we have, at the bases, M, = M = 


= Dt, from which 
Mt 


t=— 


D ? 


where M, is called the twisting moment or torque, and D is the tor- 
sional rigidity. 
From the paa formula, with formula (7.6), we find 


§ (=a, = —L_ > a 2) do= ee ea a as en dl. 
On the other hand, by Green’s first formula, 
fost aro  [() + (2) jao: 
Consequently, 


e + (ap) +2, 32 —2, 2 | do =0. 


By multiplying both sides of the last relation by p, and adding 
to (7.9), we obtain 


b=») (2-a) + (2 +2)"] do. 


It follows that D is always positive. 
We introduce a harmonic function 1p (z4, z,) conjugate to the func- 
tion @ (x, z2); by the Cauchy-Riemann conditions we then have 











AA E EA 
Oa, Ot, Ot, Om,” (7.40) 


The boundary condition that is satisfied by the function p (z1, £a} 
is obtained from (7.6) by inserting conditions (7.10) in (7.6), and 
using (6.27). The result is 


Op Tar ow cas di. dz; \ __ 
oz, d z, a —(% aq tune )=0. 





By integrating both sides of this equality along the contour of the 
cross section, we have 


penig (7.41) 


By (7.2), with conditions (7.10), the components of the stress tensor 
are obtained as 


oa = yt (FP —2s) > Ozz = —pTt (2-a). (7.42) 


186 Ch. VII. Torsion and Bending of Prismatic Bodies 


It is well seen from these formulas that the solution of the problem 
will not change if a constant is added to the function wp (x, £). 
Consequently, the determination of the function is reduced to the 
Dirichlet problem for Laplace’s equation. 

Instead of the function Ų (zı, z,) another function, ® (z,, £2), 
is often introduced, called the stress function in torsion or Prandtl’s 
stress function. This function is defined by the formula 








1 
D (x4, T2) = tp (21, 22) — 5 (Ti + 2). (7.13) 
In this case, from (7.12) we have 
aD ôD 
O31 5 UT ae? O32 = “uea (7.14) 
From (7.13), noting that 
Op ap 
ôx? + 0x3 =A 
we obtain 
aD ao 
oat} a = —2 (7.15) 


By (7.11), the boundary condition for the function © becomes © 
® (zi, z) | = C. (7.16) 


_ Thus, the problem of determining ® (x, x.) is the Dirichlet prob- 
lem for Poisson’s equation (7.15) subject to the boundary condition 
(7.16). From formula (7.8), with (7.14), the twisting moment is 
determined as 


ao. 


M,= =r (E z, +2 TA =) do. (7.17) 


This formula shows that the magnitude of the moment M, does not 
change if any constant is added to the function ®. By writing (7.17) as 
M,= —pt \ [tate al do + Que J Odo, 
and applying the E E formula to the first integral, 

we obtain 
M,= — prO f (zın, + Tzn:) dl + Qut f Odo. (7.18) 
L o 


Assuming the constant C in (7.16) to be zero, which is permissible 
since changing ® (z,, z) by a constant leaves the solution of the 
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problem unaltered, as seen from (7.14) and (7.17), instead of for- 
mula (7.18) we have 


M,=2ue | Ddo. (7.49) 


(0) 


This important formula is due to L. Prandtl. 


60. SOME PROPERTIES OF SHEARING STRESSES 


We now show that the shearing stress vector Tg = 1,03; + i2033 
at an arbitrary point M of the cross section of a prismatic body is 
directed along the tangent to the curve ® (z,, z) = constant pas- 
sing through the point M. Indeed, along the curve ® (x, z3) = 
= constant we have 


aD ðD dz, 


6D dz, 


= a = 0. 


“al ðr dl + ðr, dl 
Taking into account formulas (6.27) and (7.14), we find 
Ogi + Osna = Tz-n = 0, 


from which T, L mn. 

Based on what has been proved above, the curves Ọ (z1, z) = 
= constant are called trajectories or lines of shearing stress. Since 
® (z4, Zz) = constant on the contour of the cross section, it is a 
shearing stress trajectory. i 

It can easily be proved that both og, and 63 are harmonic functions 
in the cross section. Indeed, by applying the harmonic operator A 
to both sides of formulas (7.14), and assuming the legitimacy of in- 
terchanging the differential operators, we have, by (7.15), 


ôD ô 
A031 = ptA a, uT z AL =0, 
A03 = —prz—AD=0. 


It follows that o, and 63, attain maximum values on the contour of 
the cross section of a prismatic body. 

We now prove that the shearing stress vector T, also attains its 
maximum value on the contour; for this we start from the contrary: 
suppose that the shearing stress vector attains a maximum value 
inside the contour of the cross section at a point M. We choose anew 
rectangular Cartesian co-ordinate system oxx, at the cross section so 
that one of its axes, say the ox; axis, is directed parallel to the vector 
T, applied at the point M. In this co-ordinate system, at the point M 
we have a stress tensor with components 03, = 0, 03, = 0, and these 
are also harmonic with respect to the new co-ordinate system. In con- 


188 Ch. VII. Torsion and Bending of Prismatic Bodies 


sequence, 03, attains its maximum value on the contour, and not 
inside the contour, as was supposed at the beginning of the reasoning. 

Hence, the shearing stress vector attains its maximum value on 
the contour of the cross section of a prismatic body. 


61. TORSION OF HOLLOW PRISMATIC BODIES 


Let a prismatic body be bounded by several cylindrical surfaces 
whose axes are parallel. Every cross section of such a bar represents 
a multiply connected region. In this case the boundary conditions 
(7.11) take the form 


p-ti +e, on Ly, 


where C, are constants assuming definite values on each of the con- 
tours L, the set of which forms the contour of the section. 

The torsion function @ must be single valued; otherwise, the 
displacement u, = tp would be multiple valued (we are interested 
in single-valued displacements). The function p, conjugate to the 
single-valued harmonic function and determined from the Cauchy- 
Riemann conditions (7.10), may, in general, be multiple valued; 
in our case this must not be so because the function » reverts to its 
original value on passing once round any of the contours L,, as 
seen from the boundary condition for it. Hence, the constants C, 
cannot be fixed in an arbitrary way. Indeed, if they are fixed arbi- 
trarily, and then the function »p is determined (for this it is necessary 
to solve the Dirichlet problem, which, as is known, always hasa 
unique solution), the function ọ found from the Cauchy-Riemann 
conditions by means of the function may be multiple valued. 

In the present case the function ® (zı, z,) must, by (7.16), be 
constant on all contours bounding the section. Thus, the boundary 
condition for the function ® (z,, z3) on the contour L, is of the form 


© (2, z) = Cp. (7.20) 


As we have seen, the formulas for strains, stresses, and displacements 
involve partial derivatives of the function ®. It is therefore suffi- 
cient to determine the function ® (z,, z) to within an arbitrary 
constant. This circumstance allows one to set one of the constants Cy 
equal to zero. 

Let us show that the tangential stresses Og, and Og, at the ends of 
a prismatic body satisfy the conditions 


| oz do = j Ox, do =0 (7.21) 
@ oO 


(otherwise, in addition to the applied torque there would be trans- 
verse forces at the ends tending to bend the prismatic body). 
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Inserting expressions (7.14) in the integrals of (7.21), and trans- 
forming them into integrals round the contour L = Ly + Lı + La + 
+...+L,,, we obtain 

Vi=ptG On, dl, Ve=—pt l On, dl. (7.22) 
L L 


These integrals may be written as 


Vi=ur | Ong dt-+ wx | On,di+...-+pr | Ong dl, 


Le Em 


—V,=put j On; d+ pr | On, dl... tpt f On, dl. 


L Ly La 


With (7.20), we have 
Vi=ptC, f n dl+ptC, f ngdl+...+ptCp f n dl, 
L 
L 


Ly 


m 
—V2= pr | n,dl+ptC, nydl+...+ytl, j n,dl 
Lm 


m 


since 


it follows that Vı = V, = 0, which was to be proved. 
Referring to formulas (7.14) and Fig. 28, we have 


M,;= —ur | (Sate az, za) do = 
@ 


= =u | (162 5 C21) daze | Odo. (7.23) 


By transforming the first integral into a contour one, we have 


M,= —pt $ (zın1 + zana) D dl + Qt j Ddo, (7.24) 
L o 


or, noting that L=L,+L,+...+Lm, we obtain, finally, 


M,= —ptC, j (ayn +n) dl—prC, i (2474 + zana) dl — 
Ly 
..— pC, f (yn, + zana) dl + Qut j Ddo. (7.25) 


Lm o 
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We transform the contour integrals into surface ones and, remem- 
bering that the outer contour of the section must be described in the 
counter-clockwise direction, and all inner contours in the clockwise 
direction, Toering formula (7.25) in the form 


M,= 2ut ( 3 Cyy— Cio) ++ 2p J O do, (7.26) 


v=1 


where œ, is the area bounded by the contour L, (v = 0, 1, 2,. 
In the case of a simply connected region we obtain formula q. 19). 


62. SHEAR CIRCULATION THEOREM 
The circulation of the stress vector i,03; + i,03, along a closed 
line J lying entirely inside the section is 


T= § (1051+ 2099) dr. (7.27) 
l 


Inserting (7.2) and (7.1) in the integrand, we have 
T= weg ( (x4 dx_—2X_ dx;) +09 (a St de 24 a8 se data) = 


=2Qt0 +p oa Ws dl. (7.28) 


Since the displacement uw, must be a aeaa function in the 
cross section, it follows that 


Ea ug dl=0 


By reason of the last circumstance, we find, from (7.28), that 
C = 2uto. (7.29) 


Here œ is the area bounded by the line of integration. 

Formula (7.29) is valid for both simply connected and multiply 
connected sections, and the line of integration may enclose one, 
several or none of the inner contours of the section. This formula re- 
presents the shear circulation theorem. 

The shear circulation may be expressed in terms of the function 
® (z1, za); for this purpose, we substitute (7.14) in the integrand 
of (7.27), so that 


P= rG (FE mH m Pa) i= pe G Gab (7.30) 


where n; is the cosine of the angle between the outward normal to the 
line of integration and the oz; axis (j = 1, 2). 
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On comparing formulas aa and (7.30), we obtain 
-$+ 2 nlo: (7.31). 
l 


If the line of integration is taken to be an inner contour Ly, then 


n An (v=1, 2, ..., m), (7.32) 


where n, is the outward normal to the contour Ly, œ, is the area 
bounded by the closed contour L,. Formulas (7.32) can be used to 
determine the unknown cons- P 


tants C, entering into the ?, eeen 
boundary conditions (7.20). 4 


63. ANALOGIES IN TORSION X3 T 


(a) Membrane analogy. By 
a membrane is meant a thin x 
film offering no resistance to 
bending, but acting only in 
tension. 

Suppose that a homogeneous 
membrane of constant thick- x 
ness is equally stretched in f 
all directions by a force T Fig. 29 
over a plane contour of the 
same shape as the contour of the cross section of a twisted pris- 
matic body, and loaded by a normal uniformly distribued load ¢ 
per unit area. Let the co-ordinate axes ox, and oz, lie in the plane 
of the membrane, which sags under the load g by an amount Uy (£1, £3). 

Let us derive the differential equation of equilibrium; to do this 
we cut out an element having the shape of a rectangle of sides dzy, 
dx, (Fig. 29). Equating to zero the sum of the projections on the ozs 
axis of all forces acting on the element gives 





-T-Z dar, + [1 $2 day +- - ( Fat) dz, dza | — ~T = © dary + 
+[7 on bane (74 =) rere 0 


From this we obtain an equation for the deflection wy of a uniformly 
loaded membrane 


Pun , 02 
aro a: = —Z. (7.33) 
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Since the deflection uo on the contour of the membrane is zero, the 
contour condition is 


up = 0. (7.34) 


Thus, the contour condition (7.34) coincides identically with the 
‘contour condition for the function ®. 
On putting uw» = k®, the differential equation (7.15) coincides 
{with (7.33). Inserting uy = k® in Eq. (7.33), there results 
ao ao q 
i ( ox? | Oak )= aa 


T° 


‘On the other hand, we have 





eo ao 
ott aay Te 
From the last two equations, k = oo . Then 
Uy = a O. (7.35) 


‘Consequently, the torsion problem for a prismatic body can be solved 
by measuring the deflections of a uniformly loaded membrane. 

If the membrane is cut by planes uo = constant, the resulting lines 
of equal displacement in the torsion problem coincide with the tra- 
jectories of shearing stress © = constant. The slope of the membrane 
as in the direction of the outward normal n to the line of equal 
displacement at some point determines the shearing stress ¢ at the 

UT ĝuo 





corresponding point of the section, i.e., T = T g> Indeed, 
dug pe ôkD PAR oD _ k = 
én ons a (= Ox, n +- OX, 2 m) = E Oam — 91%) =E t, 
from which 
passe OU 
— k ôn’ 


According to this formula, the maximum angle of inclination of 
the membrane determines the maximum shearing stress. 

The torsional rigidity of a prismatic body is determined by the 
volume v enclosed by the surface of the deformed membrane and 


the plane of the membrane before deformation, i.e., D = a v. Indeed, 


v=fu do=z | ®© da; 


W W 
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noting that 
aur | Odo =M;, and M;= Dr, 


o 


we find v= TF D, from which 


D=+y. (7.36) 


The value of the membrane analogy resides not only in the fact 
that it furnishes an experimental means of investigating the torsion 
problem, but also in the fact that without any experiment the use 
of this analogy in each specific problem of the torsion of a prismatic 
body makes it possible to get a qualitative idea of the pattern of 
shearing stress trajectories and of the maximum tangential stress. 

The membrane analogy is easily extended to the case of hollow 
prismatic bodies. In this case, as is apparent from the relation ug = 
= k@®, which has been derived by comparing Eqs. (7.15) and (7.33), 
the following conditions must be fulfilled: 

(4) the outer contour of the membrane must be similar to the outer 
contour Lo of the section of a prismatic body, and must be rigidly 
fixed; 

(2) all inner contours of the section of the prismatic body must be 
simulated by absolutely rigid plane weightless disks parallel to each 
other, and must receive translational displacements u, = kC, (C, 
are the constants entering into the boundary conditions on the inner 
contours of the section of the prismatic body); 

(8) these disks must be stressed by the same uniformly distributed 
normal pressure q as the membrane itself. The last consideration fol- 
lows from the shear circulation theorem in the torsion problem; 
the truth of the statement will presently be demonstrated. 


Substituting D= up in (7.32), we obtain 


ô 
— $5 dl = 2koy =F wy. (7.37) 


Here oe is the slope of the membrane in the direction of the outward 
v 
normal n, to the inner contour L,, œ, is the area bounded by the 
inner contour Ly. 
By multiplying both sides of (7.37) by the amount of uniform ten- 
sion in the membrane T, we have 


ô 
-$ Te d= qow. (7.38) 


Obviously, the left-hand side of this equality is the sum of the pro- 
jections of the forces of tension in the membrane at the section through 
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the given contour L, on a direction perpendicular to the plane of the 
contour Ly. 

Thus, (7.38) gives a condition for the equilibrium of each disk 
under the uniformly distributed pressure and the tension in the 
membrane at the section through the contour of this disk. If this 
kind of membrane together with a disk is stressed by a uniform pres- 
sure, we obtain the membrane analogy of the torsion problem for a 
prismatic body of multiply connected section (Fig. 30), i.e., the 





Fig. 30 


displacement of the membrane is proportional to the function ® (2, 
£2), and the lines of equal displacement are similar to the shearing 
stress trajectories. 

The realization of the membrane analogy experiment in the case 
of the torsion problem for a prismatic body of multiply connected 
section presents great difficulties. However, for a qualitative study 
of a specific problem of the torsion of a hollow prismatic body, as has 
already been mentioned in the case of simply connected regions, the 
membrane analogy is of great value. 

_ As an example let us consider the problem of the torsion of thin- 
walled tubes. 

To investigate the torsion of thin-walled tubes using the membrane 
analogy, it is necessary to fix the membrane along its contour, which 
must be similar to the outer contour of the section, and superimpose 
an absolutely rigid plane disk having the shape of the inner contour. 
Next, the membrane and disk must be stressed by a uniformly dis- 
tributed pressure giving the disk a translational motionin a direction 
perpendicular to its plane (Fig. 30). Since we are considering the 
case when the wall thickness of the tube is small, the deformation of 
the membrane is determined mainly by the load exerted on the disk; 
as regards the load acting directly on the membrane, it may be neglect- 
ed. It appears from the above that the surface of the deformed mem- 
brane coincides closely with a conic surface connecting both contours. 
This conclusion allows an approximate analysis to be made in the 
study of the torsion of thin-walled tubes of arbitrary cross section. 

Inside a ring section draw a line L equidistant from both its boun- 
daries (Fig. 31) and take some point A on this line as the origin of 
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arc length l. The ring section is specified if the line L and the thickness 
ô = ô (l) are known. The value of the shearing stress T at a given 
point can be approximately estimated from the mean slope of the 
membrane at this point; hence, the approximate value of the tangen- 
tial stress at the point B is deter- 
mined by the formula 


Ciı— Co 
6 (l) 





T=pt 


Assuming that Co = 0 on the outer 
contour, we have 


T= prt. (7.39) 


As seen from this formula, 








Cy 
Lge Ut Bom (7.40) pe ee 
From formula (7.26) we have y 
Mi= 2px (Cio f Ddo), Fig. 34 


oO 


where œ; is the area bounded by the inner contour, C, is the constant 
value of the function ® on the inner contour. 

Noting that the mean value of the function ® on the line L is 
approximately equal to 1/2 C4, the last formula is rearranged in the 
form : 


My=2utCs (ot f dò) = yr, (a ++ f ô()dl). (1:44) 
w i L 
The expression within the parentheses on the right-hand side of (7:41) 


represents the area bounded by the mean contour L; hence, formu- 
la (7.44) is rewritten as 


M, = 2utC,o, (7.42) 
where 


o=o H f ô (Ùdl. 
L 
On the other hand, we have, by (7.32), 
O20) z. p 
= § “Fy dl = 20. (7.43). 
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By’ eliminating C, from formulas (7.42) and (7.43), we obtain 


M =F, (7.44) 
where 
dl 
I=\ au. 
L 


Formula (7. 44) is given by R. Bredt. 
On comparing formulas (7.39) and (7.42), we find 
Mi 
= 206 (0 


This formula is also due to R. Bredt. 

(b) Boussinesq’s hydrodynamic analogy. Consider the laminar 
motion of a viscous fluid through a prismatic tube with a cross sec- 
tion coinciding with the cross section of a prismatic body whose 
torsion is under investigation. Let the axis of the tube be denoted 
by oz. The velocity v (z4, x.) of the fluid flowing through the tube 
must satisfy Poisson’s equation 

av ôw _ 4 ap 
cg | ðr} Po ôr’ (2) 





where is the drop of hydrodynamic pressure along the axis of the 


tube, which is taken to be constant. 
on the walls of the tube we have the Reynolds condition 


v= 0. (7.46) 


Thus, the contour condition (7.46) coincides identically with the 
contour condition for the function ®. 
‘ On putting v = kO, the differential equation (7. 15) coincides with 
(7.45). Inserting v = kO in Eq. (7.45), and comparing the resulting 
equation with Eq. (7.15), we obtain 


as i Op 


Org. 
k= 3 
2mo 





ánd 
ôp` 
oa, a 
2yo 





v= 


64. COMPLEX TORSION FUNCTION 


It is often convenient in the solution of the torsion problem to 
introduce a function F (z) of the complex variable z = x, + iz,, 
related to the torsion function @ (z1, £x) and its conjugate p (£41, £2), 
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in the form 
iF (z) = ọ + iv. (7.47) 
The function F (z) is obviously holomorphic in the region occupied by 
any cross section of the body. 
By (7.11), for a multiply connected region the boundary conditions 
that must be satisfied by the function F (z) become 


F(t) +F@)=tt+C,, (7.48) 


where ¢ is the affix of a point; C, are constants, one of which may be 
fixed arbitrarily, and the others are to be determined. 
In the case of a simply connected region we have 


F(t)+F@=tt+c. (7.49) 
On the basis of formulas (7.2), 
cee aes 
from which, remembering that i — = — x, we obtain, finally, 
O91 — i03 = uti [F’ (z) — al. (7.50) 


The torsional rigidity of a prismatic body is determined by for- 
mula (7.9), which is rearranged in the form 


D=p | @i+2)do—p | [22m 220) 20:0) do, 


By applying the Gauss-Ostrogradsky formula to the second integral, 
and introducing the notation I, = f (xi + x3) dw, we obtain 


@ 


D=p[I)— \ @ (ws day + 2, day) |. 
L 


Here J, is the polar moment of inertia of the cross-sectional area. 
By using formula (7.47), and taking into account that 2x,dz, + 


+ zdz, = sa (tf), the last formula may be put into the form: 
D=p [2-7] (F(t) —F(@) a(@) |. 


If the cross section of a prismatic body represents a multiply con- 
nected region, the last formula becomes 


D= a[n- +3 a )—-F@)a()| (7.54) 
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Here the integration is carried out along all contours Lo, L,,..., Lms 
the sense of description of which is such that the region remains on 
the left. 


65. SOLUTION OF SPECIAL TORSION PROBLEMS 


Below are given several examples of the solution of special torsion 
problems for prismatic bars. 

(a) Prismatic bar of elliptical section. Prandtl’s stress function 
® (z,, z) must be constant on 
the ellipse 


zi si 
ai 


The function ® (x, z) satis- 
fying the boundary condition 
may be represented as 


2 re 
D (4, z) =A (F+) (7.52) 


where A is an unknown cons- 
Fig. 32 tant. Moreover, the function 

® (z,, z) must satisfy Poisson’s 

equation inside the ellipse; hence, for the determination of the ` 
value of A we obtain the relation 


a(t) 





6631F Y2 urh 


from which we find 


a?b2 
A 
Then 
b2? pyr) 
D (a, z) = a (7.53) 


Substituting (7.53) in relations (7.14), the stresses o, and o3, are 
obtained as 
2a?uT 


031 = apo To, 


2b?uT 
033 = ao Ti. 


(b) Prismatic bar whose section is an equilateral triangle (Fig. 32). 
The equations of the sides of an equilateral triangle of height k are: 


Le = 0, tg = —V 3z, +h, z, = V3x, +h. 
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The function ® (z,, z,) must be constant on these sides. This, as in 


the first problem, suggests that the function should be represented 
in the form: 


@ (21, £) = Ax, [(t, — h) + V 3241 [(z, — h) — V 32,1. 
(7.54) 
This function is zero on the sides of the triangle. Moreover, the func- 
tion © (z,, z,) must satisfy Poisson’s equation inside the triangle. 


óg" UTO (1-a7/26") 


DA 
J 


632=-2T6(1-a/26) 


x2 











632= pr b(1-07/4b") 


x4 


Fig. 33 
From this we find that A = ah . We obtain, finally, 


O (x4, 22) Bo [(£a—h)?— 323]. 
From formulas (7.14) we find 


O13 = H [3 (x2 — x*) +h (h—4z.)], 023 = Sus TL. 


(c) Circular prismatic bar with a semicircular longitudinal groove 
(Fig. 33). The equation of the contour of the section is 


(x, — b} + 23-07 =0, +a. 


The stress function, whieh must be zero on the contour, is sought in 
the form 


4 
O (21, 22) = eq l(t —b)? +23 b) (a2 + 20") 
or 


O (zs, t) = A (24 +h —a?— 2b, + Fh), 
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In addition, the function ® (z,, x,) must satisfy Eq. (7.15) inside 


the above contour. Hence, we find that A = —1/2. Consequently, 
4 2 
® (z, 22) = —+ | 2} +a} —a?—2br, (aa 1)]. 


According to formulas (7.14), we have 


2ba*x, 


ou = —pe[ 1 cere | a 
ox =p | (11-2) + ag (1—-at) |. 


(d) Prismatic bar with a section in the form of a rectangle. In order 
to find the solution of the torsion problem for the indicated bar, we 
determine a harmonic function Yp (z,, z) that assumes the value 


+ (at + z$) on the boundaries z} = +4, £ = +b of the rectangle. 


The unknown function 9 (z1, £2) is represented as the sum of two 
harmonic functions’ 


1 
az + (cj — x?) and q (x1, £2), 
i.e., 


Y (21s 2a) =a? +> (3 — i) +g (2r za). (7.55) , 


The newly introduced harmonic function q (x,, x.) must satisfy on 
the boundary of the rectangle the conditions 


q (+a, %)=0, g(%, +b) = zi — a’. (7.56) 


The harmonic function q (z,, z) is taken in the form of a series 
q (£1, £2) = 2 @, cosh (Pnz2) cos (Bnzi)e (7.57) 
By using (7.57) in the boundary conditions (7.56), we obtain 
pam (neh) E. 
z? —a = @, cosh (Pnb) cos (Bnz1)e 
From the second relation we find 


; 4 si ) 
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The result is 

4 
Wp @n r) =a2-+ + (23a) — 


cosh (2n + Na sg 





_ Seat S ninm x 
ere ee. (2n+ 1) 5=-z 
PE: Cr+ cosh (2n +1) =— i 2a 


The components of the stress tensor can now be calculated by for- 
mulas (7.12). 

(e) Prismatic body of circular section with a circular eccentric hole. 
Denote by S the region occupied by any one cross section of the 
body, bounded from the outside by 
a circumference Lọ of radius R, and 
from the inside by a circumference L, 
of radius r; the affix of the centre of 
the latter circumference is designated M 
as e (Fig. 34). For the present case the 


boundary conditions (7.48) become X; 
F (t)+F()=tt+C, on Lo (7.58) 5 
F(t) +F()=tt+C, on Ly. (7.59) 


Since tt = R? on Ly and the constant 
Co can be chosen equal to —R?, con- 
dition (7.58) is written as Fig. 34 


F (t) + F(t) = 0 on Lo; (7.60) 


the expression for íf on L, may be written as follows: 


X2 














tt = (e + ret®) (e + re-i®) = er = eed Se 
hence, we have, on L, 
F (t)+F(=er = t} +d. (1.61) 


Here dy =e? + r? + C. 
The solution of the problem is sought in the form 


oo 


F@)= Shas (#)'+3 ay (7.62) 





where the first series represents a holomorphic function inside Lo, 
and the second series represents a holomorphic function outside L,. 
The coefficients a, and b, are assumed to be real. 
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Substituting the boundary values of the function F (z) in condi- 
tions (7.58) and (7.59), we obtain 


a(S) 
k=0 k=1 


+3 ar a ba (=) =0, (7.63) 


Zaat 


i \k 
TF > ax (ae) + 
wal r k ae 
+3 a(S) aor (S42 
h=1 
We now transform the second term in condition (7.63) 


DAE) <3 ACA) (FP) a 








(7.64) 








where CY, =(— 1Y Civ-1. 
Introducing a new index n = k + v instead of the index v gives 


3 a- 3 a3 creaa 


Here the double summation is carried out over the whole-numbered 
points of the angle ABC (Fig. 35). 

By interchanging the order of summation in the last double sum, 
we find 


oo 





5 neta) BB) Z 
where = a 
B,= >) (—1)"* (4)" (FT ctv. (7.66) 


k=1 
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Obviously, 





2 bs (=) =3 a(i) =A F(z)". 06D 
h=t k=1 n=1 


Inserting expansion (7.65) in condition (7.63), we obtain a, = 0 
and an infinite system of linear equations 


OE BHO te S42, oc): (7.68) 


To obtain a second infinite system of linear equations, we transform 
the first term in condition (7.64): 


Bae) Do (+H) = 
=Sad ore) (a) (EY. 


K 





45° 





Fig. 35 Fig. 36 


points of the angle AOB (Fig. 36). By interchanging the order of 
summation, we have 


oo œ 


3 a(i) =D 4 (=), (7.69) 
where = a 

A,=(z)" > a(g) "a. (7.70) 
Obviously, iad 


a(r) 3 AE)". am 
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Condition (7.64) then becomes 





D {4+ 00 [()"+ (5) "htm mer {S84 EV 4 ay 
Hence, 

A= tor (q) a=, (7.72) 

Ant by ere, (n=1, 2,3, ...), (7.73) 


where e, = 1 and e, = 0 for n = 2, 3, 4, . 

On the basis of the theorem of existence and uniqueness of solu- 
tion of elasticity problems we may draw a conclusion that the set 
of two infinite systems of linear equations (7.68) and (7.73) has a 
solution, and, moreover, the solution is unique and bounded; its 
approximate solution is the solution of two finite systems, and the 
number of these equations must be fixed according to the parameter 
defining the closeness of the contours of the section to one another and 
the required accuracy of the analysis. After determining the roots of 
Eqs. (7.68) and (7.73), the constant C, is found from relation (7.72). 

As an illustration of the solution, consider a numerical example. 
We take the first three equations of (7.68) and (7.73): 


a,-+ b=0, 
2 
ata b+ (=) b,=0, 
2 2 3 
ati (4) at (FZ) fht) = (114 
Ft Epa g(t) ata eR 
2 2 
(Hats (H katao, 
3 
(+) a3 + b3=0, 
From the first three equations of this system we have 


b=—ta, b= — (4)’ (a—$ a), 


ne (4) fon (4) aaa) 
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the last three ei of system (7.74) then become 
2 
(G—Aat2 get ge (4) amk, 
e [R r\2 (R\2 r\2e 
a+) +[(a) (+) et (a) e= 
R\3 R 3 = 
—(4)" (4) a2 (F) reti) -(F) a= 
For the relative dimensions r/R = 0.2, e/R = 0.6 the roots are: 
a, = —0.262167 x 10-1R?, a, = —0.157831 X 10-1R?, 
az = —0.250176 x 10-2R?, b, = 0.131084R?, 
b, = 0.125 x 10-R?, b = 0.125 x 10-*R*, 


In the example under consideration, from (7.72) we have 
Cı = — 0.446929 R2. 
The values of 


— FMO+FE) 100% 


tt+Co 
for the points t= R, ¢ =iR, 
t = —R of the circumference Lo, 


and the values of 


A= F(t) +F (t)—(tt+C,) 100% 
tt+C, 

for the points t=e+r and 
t =e —r of the circumference L, 
are, respectively, 1.490%, 1.012%, Fig. 37 
—0.249%, 0.182%, —6.7%. It 
appears from these figures that the boundary conditions are ful- 
filled with reasonable accuracy; hence, the solution is quite efficient. 

On the basis of formula (7.50) the values of shearing stresses are 
calculated at points of the z, axis, and the shearing stress diagram is 
constructed (Fig. 37). As seen from the diagram, the disturbance 
introduced by the hole is of a local nature. 


We now determine the rigidity. Taking into account that d (tt) = 
= dR? = 0, d (tt) = red (+ —), respectively, on Lo and L,, 
from formula (7.51) we obtain 


ees T 
teg S a [E a E 


xd (5H) e 











e r R 
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By using formula (7.69) and Cauchy’s theorem, we obtain, finally, 
nR? r\4 e \2 r\2 r e 

D= [1 (F) +2 (F) +r) Hrb) p 

In the example under consideration D = 1.559uR*; hence, 


Mi 
aRt * 





t= Ht = 0.641 


Here M, is the given twisting moment. 


66. BENDING OF A PRISMATIC BODY FIXED AT ONE END 


Suppose that a prismatic body of length l is fixed at one end and 
carries at the free end a load statically equivalent to a force P per- 
pendicular to the axis of the body. Body forces and forces on the late- 
ral surface of the body are absent. Let the origin be placed at an arbi- 
trary point of any one section, with the ox, axis directed parallel to 





Fig: 38° 


the axis of the body, and the oz, axis parallel to the force P (Fig. 38). 
The section is assumed to be simply connected. 

The solution of the problem is given in terms of stresses by Saint 
Venant’s semi-inverse method. From physical considerations we as- 
sume 


Ju = Ong = Org = 0, (7.75) 
dss = P (at, + brs + 6) (1 — z); (7.76) 


the components 03; and 03, of the stress tensor are to be determined. 
It will be shown below that the coefficients a, b, e are uniquely de- 
termined by the shape and dimensions of the cross section of the 
body and by the choice of co-ordinate system. 

The components of the stress tensor 033, O31, and Ogs at any sec- 
tion x, in the present problem must satisfy the equilibr um condi- 
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tions: 
f 03,do—P =0, j ozdo = 0, f (21032 — 22031) do=0, (1.77) 
o (0) v 
\ ozdo = 0, j 6330,.d0 = 0, f Ozzıd@ + P (l— z3) =0. (7.78) 
o @ o 
Substituting expression (7.76) in conditions (7.78), we obtain a system 
of three linear equations for the coefficients a, b, and e: 
aS, + 6S; + eo = 0, 
aly. + bli + eS; = 0, (7.79) 
alz, + blia + eS, = —1, 
where 1,1, Joo, 142, S1, and S, are the moments of inertia and the static 
moments of the cross-sectional area of the body with respect to the z, 


and zx, axes, and œ is the cross-sectional area. 
The roots of system (7.79) are 


-S pa xo 545, 
ae: 


a= = e ; 


Listas ae) 
aa B ’ 
where 
Iz I Se 
B= Iiz I Sy . 
Sa Si (0) 
On the basis of the formulas S4 = oz,,, S2 = 2,, the formula for 
the coefficient e is transformed into 


e = —A2,, — bay. (7.81) 


Here x,,, 22, are the co-ordinates of the centroid of the cross-sectional 
area. 

Substituting (7.75) and (7.76) in the differential equations of equi- 
librium, with F; = 0, we obtain 











60 . 00. 
TA BA TA =U) i (eea 
0001 ô 
. a Fae —P (ar, + bay +e) =0. (7.83) 


It follows from (7.82) that o3, and o3, are independent of the z; co- 
ordinate; hence, they are distributed in the same manner at all cross 
sections, 
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Equation (7.83) is given a new representation 
ô 1 ô 1 : 
EA [ os, —5 P (azi +ezı)] ta lon — 7P (ba} + exa) | =0. (7.84) 


It follows from this equation that there exists a function y% (2, £3) 
related to Os, and 03, by the equalities 


031 => + (4% -+a +ex,), 5 
7.85 
gop (teat oa ie 


Indeed, on substituting (7.85) in equality (7.84) the latter is satis- 
fied identically. 

We now derive the conditions that must be satisfied by the func- 
tion % (2, £). For this, let (7.75), (7.76), and (7.85) be subject to 
the Beltrami-Michell relations and the boundary condition on the 
lateral surface of the body. 

Of the six Beltrami-Michell relations four relations are satisfied 
identically, and two relations lead to the equations 


ð 2v 
Ore ad = Ar a, 


ay p= 5 rere 2 I7» 


from which 
d(Ay)=( — 15 a) dir, +> Tey baer. 
Then 
Ay= TS (ba, — ax) — 2C. (7.86) 


Here C is an integration constant to be determined. 
The conditions of zero load on the lateral surface of the body give, 
in the present case, 


031% + Osana = 0 on L. (7.87) 


Taking into account formulas (7.85), with (6.27), from MESO we have 
the boundary condition for the a % (£i, za) on L 
= (bz? Her) et — (ari + eas) => os : (7.88) 
Next, we replace problem ae (7.88) by two tines for this, 
the function x (z,, £) is represented as follows: 
y= V+ CO, (7.89) 
where ¥ and ® are some new functions to be determined. 
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Substituting the last relation in (7.86) and (7.88), problem (7.86), 
(7.88) is broken down into the following two problems: 


AD= —2, (7.90) 
2 0 on L, l 
AF = T5 (bz, — azə), 
à j (7.91) 
ar = (bag + er) = = — (act + ex) Se = on L. 


Consequently, the function ® is Prandtl’s stress function. 

Thus, problem (7.86), (7.88) of the transverse bending of a pris- 
matic body is divided into the torsion problem (7.90) and problem 
(7.91) of finding an auxiliary function ¥ called the flexure function. 

For simply connected cross sections the boundary conditions on L 
reduce to 


®=0, (7.92) 


Y= | Ko Her) Za — (axi + ea) = | dl, (7.93) 


It can easily be verified that on passing once round the contour L 
the value of integral (7.93) is zero. Indeed, by taking integral (7.93) 
round the closed contour of the cross section, and applying the 
Gauss-Ostrogradsky formula to it, with the first equation of system 
(7.79) taken into account, we obtain 


= f {[(bxz +ezx)] dz, +[— (azi +ez,)] dz} = 


L 


= — 2? [ (ax, + bz +e) dw = —2 (aS, + bS,+ eo) =0 (7.94) 


o 


In a similar way it can also be verified that on passing once round 
the contour L the value of integral (7.88) is zero. This circumstance 
and equality (7.94) will be used in what follows. 

It is not difficult to check that the values found for the components 
of the stress tensor 03, and O3, at the end z = l identically satisfy 
the first two conditions of (7.77). Indeed, 


| ondo = | + (t+ az} + ez) a {5 (Z +a +ex,) + 


0031 039° 


$a, [ou + 0 P (ax, tbr +0) |} do 





14-0884 
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or 
P ô 
| odom f {ok [os (taten )]+ 
o o 
ô 
+h [e(t +008 + exe) ]} do—P (alat blz +651). 


By applying the Gauss-Ostrogradsky formula, and using condition 
(7.88) and the third equation of (7.79), we obtain 


j odo = P. 
Similarly, R 

j Oz2dH = 0. 

oO 


The third condition of (7.77) enables one to determine the constant C 
entering into (7.89). Substituting in this condition the values of 
O3, and 03, according to (7.85), we obtain 


m=] (21032 — T2031) aaa [- (ata =) a 


Oa, 


+ (bay—a2,) zzz |do= —È { [20 4 2) ‘ae do + 
2JL 


+P f ydw +5 f (bz — ax) X422dH 
oo 


W 


or 
M3=-> z [xydx_—2x,dx,] ydl + P J ydo + 5- z T) (br_— azı) zızado. 


We introduce the notation 


4 


oO, = 5 (zdz = zdz); 


Cts 


then 
ca 
M, = -P Íx aye | ydo += > | (bar, — axı) zızado. 
L 


o 


On performing the integration by parts, we find 
M;=P ) o% dl+P J ydo +5 zl (bz — azı) tizado. (7.95) 
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By using formulas (7.88) and (7.89) in (7.95), we have 
M,=P{C f Ddo + j Vdo +5 f (bza — azı) 24290 + 
(0) W o 


+ j [ (bai + exe) pan (axi + ex) S| odl} . (7.96) 


L 
It follows from the condition M; = 0 that 


| Vdo+ f (b2y—a2) stado + | Qal 
oo oo L 


Cam : (7.97) 


f Ddo 
o 
where 


Q= K + e22) H (axi +ezx) =| Or- (7.98) 


If the co-ordinate axes are taken to be the principal centroidal axes, 
then Sı = S, = I = 0. Consequently, from formulas (7.80) we 
obtain a = —1/I,,, b = e = 0. In this case the above formulas are 
appreciably simplified. 


67. THE CENTRE OF FLEXURE 


By the formulas of Hooke’s law (4.50), the components of the 
strain tensor corresponding to the components of the stress tensor 
(7.75), (7.76), and (7.85) are 


C14 = Cn = + (axı 4-bra +e) (l— z), C12 =0, 
Pp : 
C33 = sg (ary + Oxy +e) (1—23), 
, (7.99) 

, 1)P /ô 

ep = TDP (+ azi +er,) , 

(4 P 0 

eg = LLP ( — ge + a+ exs) 3 


On the basis of formulas (3.27) the angle of rotation of an element 
of the body about the oz, axis is 


ou ðu 
A 
From this formula and formulas (3.26) we find 


GOP = erp __ ôer Oz a, Ger Ol» O03 Jog 0es1 
Oa, 0x, Oy? Öt Ôx SC? sy ðr, Ör 

In the same way we can derive similar formulas for partial deriva- 

tives of the other angles of rotation, œ} and w,, with respect to 


14% 
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the co-ordinates zp. The quantity a represents the twist of fibres 
of a prismatic body parallel to the oz, axis. 
The mean value of the twist for the whole cross section, denoted 
by t, is determined by the formula 
ta | ee KOEN Ai =P [e-z 


o GEZA 


Z (btie— aza) |. (7.100) 





Thus, it appears that under the action of a transverse force applied 
to a free end of a prismatic body the bending is accompanied by twist- 
ing. As seen from formula (7.100), for the prismatic body to undergo 
only bending, without any twisting, under the action of the indicated 
force, the constant C must be determined by the formula 


C = -—— Thy (bZ1c — a220). (7.101) 
Substituting (7.101) in formula (7.96), the twisting moment M, 
is found to be 


M,;=P {ais (ba4¢— AX2e) f Ddo + Í Fdo + 
+5 f (bta — az) £zad0 + j Qai}. (7.402) 
o L 


In order to avoid twisting during the bending of the body, it is 
necessary, in addition to the force P acting at the point o of the 
cross section, to apply to this section the twisting moment M, 
calculated by formula (7.102). By adding the force P and the twist- 
ing moment M}, we obtain a force P equal to the given force, directed 
parallel to it, and located at a distance 2’, which is determined by 
the formula 


M ` 
i 3° = nese (—btic + atze) f Ddo— f Fdo — 





o o 


i f (bata — azı) zızado — f Qdl. (7.403) 
© L 


Suppose, now, that the transverse force P applied at the origin is 
directed along the ox, axis. Reasoning in the same manner, we 
obtain a force P equal to the given force, directed parallel to it, 
and eres at a distance zi, which is determined by the formula 


a} = — Zoe (O22 — bytie) | Siek] Ydo + 


+4 f (b sL — 4,21) rae] Qdl, (7.104) 
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where 
d. dz 
Q = [Oz + e,2X2) a (4,24 + e,21) =| Oz. 
In formula (7.104) the function V, satisfies the equation 


AY, = i= — (bpt — 42) (7.105) 





and the boundary condition 
l 
d. d 
w= | [ead Her) fari + eqn) G2 | dl. (7.108) 
0 


In these formulas 


a = 208182 p _ S38 OF a9 
* B ? x B ? 
(7.107) 
e — ISi hS i eb 
eo B = “ic “2c 


The point of intersection of the straight lines z) = x}, x, = 22 is 
called the centre of flexure. 

Any transverse force applied to the section at the free end and 
passing through the centre of flexure produces bending without caus- 
ing twisting. In order to determine the location of the centre of 
flexure, it is not at all necessary to solve the problem of bending 
of a prismatic body, it is sufficient to solve the torsion problem. 
Following V. V. Novozhilov, let us show that the expressions enter- 
ing into (7.104) and (7.103) can be calculated with the aid of the 
function ® (2,, z). To prove this, we apply the well-known Green 
formula for the functions ® and WV; the contour of integration is 
taken to be the contour of the cross section of the body: 


f (DAY — YAO) do = | (ov) dl. (7.408) 
o L 
By using the first equations of (7.90) and (7.91), with condition 
(7.92), instead of (7.108) we have 
a f (bz; — azo) Odo+2 f Wdo = — f wÉ? al. (7.109) 
o L 





1+7 
o 
On the basis of relations (7.13) and (7.10) we have 
6p ôd Op om 
Da RT Ge, 6 Gag PN Gee (Paa 
Taking into account formulas (6-27), we find 
ôD oO 


_ ôD = Tv) do 
In T de t on eTO —. (7.111) 
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Substituting (7.111) in the right-hand side of (7.109), and integrat- 
ing by parts, with the use of the second relation of (7.91), we obtain 


he area atc B42 ae) = 
L (p+ 20) d=1+2 \ Qdl, (7.412) 
L L 


where 


I= È {1x} + ez) Q] dz, +[—(ax} + ezi) 9] dz} 
L 


On the basis of the Sani formula we have 


I= =) {a lac! + ex) a+ ~ (bay + exp) p1} do 
or 


I= -2f (azı + bz + e) pdo — 


ao 


z [ (aat em) 2 + (bx, + exe) se x | dw. 


Substituting the values of = and 2 from (7.110) in this for- 


mula, we obtain 


I= —2 f (axı +-bz: +e) pdo + f (bz — ax) X4X_dw + 


ô [(bz3 + ex,) D] ô [(ax? ter )®] 
poate Soe TO Sap 
+Í { ErP oe } do. 


On integtating the third term by parts, and remembering that D = 0 
on the contour L, we see that it vanishes. Consequently, 


I = —2 f (ax, + br, + e) pdw + f (bz, — az) 247, do. (7.113) 


a 


Inserting (7.112) and (7.113) in (7.109), and then substituting the 
result in (7.103), we finally obtain a formula for the coordinate of 
the centre of flexure: 


= -f (azı +- bz +e) pdo + ESI 1 [b (£1 — Zie) — 





—a (z2— £2)] Ddo. (7.114) 
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In a similar way, from (7.104) we obtain a formula for the other co- 
ordinate of the centre of flexure i 


x? = f (4,24 + byta F ex) @ da — 
© 


Sere f [by (T1 — Tic) — ay (%2—2ae)] Ddo. (7.115) 
a 


As seen, the formulas for the determination of the centre of flexure 
of a prismatic body with a simply connected section involve the 
functions g and Ọ related only to the solution of the torsion problem. 
It should be noted that if either of the functions pọ, ® is known, the 
other is determined by quadrature from (7.110). 

In the work* of the author and Bubuteishvili formulas have been 
derived for the determination of the co-ordinates of the centre of 
flexure (z?, 23) in the case of a multiply connected region: 


z? = -Í (a0 + bgt + ez) Im F (z) do — TE {j [by (£1 — T16) — 
@ 


@ 





— üy (E2 — Tz) (Re F (2) —+ (22 + 23) do — 


g [5, (at. ae, Zie) — 4a, (x, a Tzc)] Coo + > [by (ch. i Zie) = 


k=1 


— 4, (28, — 220) Cron} , 


aef (azı + br, +e) Im F (2) do-+ = {| [b (£1 — 24.) — 


— a (z, — ae) (Re F (2) — (2? +23) ) do—[b (29, — a1.) — 


n 


—a (x3, —22.)] Cowo + >) [b (at, — 21e) —a (2%, — 20) Cron}, 


k=1 


where F (z) is the complex torsion’ function; zł., zk, are the co-ordi- 
nates of the centroid of the area enclosed by the contour Ly; r4¢) Toc 
are the co-ordinates of the centroid of the cross-sectional area; 
@, is the area enclosed by the contour L}; Cp are some constants 
introduced in (7.20). The constants (a, b, e), (ay, bx, €) are deter- 
mined, respectively, by formulas (7.80) and (7.107). 





* Yu. A. Amenzade, O. L. Bubuteishvili, The Centre of Flerure of a Canti- 
lever with a Multiply Connected Cross Section, Doklady Akad, Nauk Azerb. SSR, 
29 (40), 3-6 (1973) (in Russian). 
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Consider the problem of determining the centre of flexure when 
the section of a cantilever represents a region bounded externally 
by a circumference Lo of radius R, and internally by a circumference 
L, of radius r (Fig. 34). The approximate expression for the complex 
torsion function F (z) in this problem is determined by formula (7.62). 

For the adopted co-ordinate system, e = a = 0, b = 1.288 R-*. 
For the relative dimensions indicated in the problem (e), zì = 
= —0.34789 R, x3 = 0. 


68. BENDING OF A PRISMATIC BODY OF ELLIPTICAL 
CROSS SECTION 


Let the planes x,0x, and x,0x3 be planes of symmetry of a prismatic 
body, and let the load acting on its end be statically equivalent to 
a force P, which is directed along the z, axis and applied at the 
centre of the end. In these conditions the body will obviously act 
in bending, without any twisting. 

On the basis of formulas (7.80) we have 


a= a= b=e=0. 
Inserting these relations in (7.91), we have 


AY = (7.116) 


2v P 
(Fy) Ia 


ov 4 Ox. 
Or Tae ay on L. (7.117) 


Following the procedure of Timoshenko, we introduce, instead of 
the flexure function ¥, a new function: 


Q (ay, 25) = ¥ (ay, 25) + f (2s), (7.418) 


where f (z,) is an arbitrary function of z, only. 
Substituting (7.118) in (7.117), we obtain the Pontida conditions 
on L 


2 = (7 +r) = Ari (7.119) 


In a particular case the ee f (z2) may be chosen so as to make 
the bracketed expression zero; the boundary condition on L then 
simplifies to 


0 0. (7.120) 
Since the cross section is simply connected, (7.120) on L may be 


written as 
Q=0. (7.121) 
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For example, in the case when the cross section is an ellipse equali- 
ty (7.120) can be satisfied by setting 


2 2 
a 4 2 
fed=q-% (357-1). (7.122) 


Here a, and b, are the semiaxes of the ellipse. 
Consider the problem of the bending of an elliptical cylinder. For 
the given problem, with (7.122), the function £ becomes 


2 
a 1 
Q (x4, 2) = ¥ (24, t) +F (4-4 3 1). (7.123) 
Inserting (7.123) in (7.116), we obtain an equation of the form 
AQ = nz, (7.124) 
where 
2 
2 v a 
ne aa Gee) 
The solution of Eq. (7.124) is om in the form 
Q= a Z +5 —1) Ta. (7.126) 


This solution satisfies the OR condition (7.121). 
Substituting (7.126) in Eq. (7.124), we have 


tgs 


from which 
2,2 2 
_ 1 _ abi v a 
~ Tae 624-302 ( TFV t be ). (7.127) 
Knowing the function - we can determine the function Y from (7.123): 
a x (4 =E ‘i, (44 7.128 
i =T? (3377 }s (7.128) 


By using formulas (7.85), and noting that y = W for the given prob- 
lem, we have 


2 
cane (K(S+ a (S43-1)}, 29 


= Tito , 
O33 = — PK = ? 
a 
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from formula (7.76), 
P 
033 = ae PS Ti (l— z3). (7.130) 


The last formula for the normal stress is completely coincident 
with the formula of the elementary theory of bending, but this can- 
not be said about the formulas for the tangential stresses 0,3 and 
Gas- According to the elementary theory of bending, in the problem 
considered 6,3 = 0 and o depends only on z. 

On the axis z, = 0 we have 


2 
Te noram“ +2(t4+v)ai—23(1—20)}, (7.431) 
023 = 0, 
whereas, by Zhuravskii’s formula, on this axis 
Pa? 
O13 = ale (7.132) 


If the material is incompressible, i.e., v = 0.5, formulas (7.131) 
and (7.132) are identical. 

In the present chapter we have considered the theory of torsion 
and bending of prismatic bodies, which is of great importance in 
engineering. Here we leave detailed discussion of a large number 
of special problems examined by many authors. 


CHAPTER VIII 


General theorems 
of the theory of elasticity. 
Variational methods 


In the present chapter we shall consider some well-known princip- 
les of the theory of elasticity, which are of great importance in the 
development of a variety of very effective methods for the numerical 
solution of boundary value problems in elasticity. In Chap. IV we 
have become acquainted with one of the general theorems of the 
theory of elasticity, namely Clapeyron’s theorem, 


69. BETTI’S RECIPROCAL THEOREM 


Let Ohr, Uk, Ekr and Okr, Uk, Chr denote, respectively, the compo- 
nents of the stress tensor, the displacement vector, and the strain 
tensor, which are produced in an elastic body by external forces 
pF", T; and pF’, Tr. 

The vak sone by the forces pF’, Ty, including the inertia 


forces — p —— sf , during the displacements u% is 
An= | [( (Fue =a a) wi Joar+ fer rut de. 
Inserting Tn, = Ohr Nn, in the last expression, and remembering 


that the stress tensor is symmetrical, after transforming the surface 
integral into a volume one, we e 





ôo; 
An= | [= Lae 6 bi) y] UR dv +{ Okrlhr AT. 
T 
By` (2.24), 
A= f Okre, dr. (8.1) 
T 
The work done by the forces pF”, Th, npe during the 


displacements up is 


aie IL [(7; — sR 








) uk] a+) (Traut) do. 
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On carrying out transformations for A,, similar to those for 43, 
we obtain 
Ale f On ,Chy dT. (8.2) 
T 
By Betti’s identity (4.61), from (8.1) and (8.2) we obtain 
Aan = Aiz (8.3) 


This is Betti’s reciprocal theorem. It states that the work done by 
the first system of external forces during the displacements of an 
elastic body produced by the second system of external forces is 
equal to the work done by the second system of external forces during 
the displacements of the same body produced by the first force system. 


70. PRINCIPLE OF MINIMUM POTENTIAL ENERGY 


Let the actual displacement vector be denoted by u, and the 
corresponding stress tensor by Omp. This stress tensor satisfies the 
differential equations of equilibrium 


“smh + oF, =0 (8.4) 





and the surface beta 
Tam = OmrMr- (8.5) 


If the displacement vector is given a variation ôu, then from the 
equality u* = u + ôu and formulas (3.26) we have 


emr F Sema = y (Ge +e) 4 (8m a MA) (8.6) 


OLR OLm 














From this we find the change in the strain tensor 


_14 um OuR 
Sma = (652+8 a k (8.7) 


Denoting the deformation work per unit volume for the varied state 
of equilibrium by A (ema + emr), and expanding its expression in 
a Taylor series, we obtain 


A (Emr + emn) = A (ema) Paer tae a) + 
ar eia). (8.8) 











+3 (Ga bei t-. . +2 ——— a L ÔezÂes +.. +s 


Here A (emp) is the value of the deformation exe per unit volume 
in the actual state of equilibrium. Taking into account that 
ðA O0pp GA __ ô (20rr) 
ehh err ekk ’ de, ~~ Oey ee r), 
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and using Hooke’s law, the last term in (8.8) may be put into the 
form 


L [A862 + 2pôemrőenm]. (8.9) 


Expression (8.9), as is known from (4.36), represents the deformation 
work per unit volume corresponding to the variation of the displa- 
cement vector 6u, and is always positive definite. 

By using (4.20) and (8.7), the second term in (8.8) is transformed 
into 





G) G) ô 05 
A +... +0310 (St Ht) = Oma a (8.10) 


04,6 Or, 


Let the stress vectors on-the co-ordinate planes be denoted by Tm; 
instead of (8.10) we then have 
Omk Lum L T m: Võim (8.11) 
where V is the Hamiltonian operator, V = ip = y 
From (8.8), with (8.9) and (8.11), we find 


ôR = j T m- V8Um dt + j (A502 + 28 mp5 am) dt; (8.12) 
T T 


this represents the increment of the work of deformation. It can 
easily be found by direct checking that 


l div ÔumTm = Sum div TmT m'Vôum (8.13) 
(here the index m is not summed), from which 
f T „n: Võum dT = j div 8umT m dt — j Sum div Tm dt. (8.14) 
T T T 
With the use of the Gauss-Ostrogradsky formula we obtain 
j div SUT mdt = | SUmOmnty do. (8.45) 
T o 


The integrand on the right-hand side of the last equality is summed 
with respect to the index k; n, are the cosines of the angles between 
the normal n and the co-ordinate axes zp. 

From (8.5) and (8.15) we find 


f div SUT m dt = j T nmbUm do. 
T (0) 


Also, by the equilibrium equation (2.27), 
f Sum div T m dt = f — pF „ôum dt. 
T T 
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Consequently, from (8.12), with (8.14), we have 
ôR = f pE môum dt + í T „môum do + f + (A802 + 215¢n45¢hm) dr. 
T o T 


(8.16) 


Let w, be the sum of parts of the surface over which the displace- 
ment vector assumes given values, and let œr be the remaining part 
of the surface over which the forces Tam are given. Taking into ac- 
count that du, = 0 over w,, where the surface forces are not known, 
and that the surface forces Tag over wr, as well as the body forces, 
are not subject to the variation, from (8.16) we find 


6(R— f pF müm dt — j T pmllm do) = + f [A802 + 2pôemr Serm] dt 
T Or T 


(8.17) 
or 
ôll =e, 
where 
N=R— f pF mum dt — j T müm do, 
T Op 


e =- [A802 + 2uôemnôerm] dr. 


Here R is the work of deformation corresponding to the actual 


displacements; f pF mU’mat is the work done by the volume forces 
T 


during the actual displacements; j TnmUm@® is the work done by 
OF, 
the given surface forces over w7 during the displacements um; H is the 
potential energy of the body; e is a positive definite quantity. 
Equality (8.17) enables one to formulate the following theorem: 
the potential energy of an elastic body, considered as a functional 
of an arbitrary system of displacements satisfying the kinematic 
boundary conditions, takes a minimum value for the system of 
displacements actually realized in the elastic body. 


71 PRINCIPLE OF MINIMUM COMPLEMENTARY 
WORK—CASTIGLIANO’S PRINCIPLE 


Consider, now, equilibrium in which the displacements u, and 
the corresponding stress tensor Omp are given. In passing from the 
actual state of stress Omp to a neighbouring state of stress Omk + 
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+ 80m, the change in the deformation work per unit volume is 
SA =A (Omi + ÔO ma) — A (Oma). 


The varied stress tensor Om, + ÔOmg, just as the actual stress ten- 
Sor Omp, must satisfy the differential equations of equilibrium, i.e., 


ot ô (Omk + 60mk) = 
+ pF, = freee th Ol RO 





from which it ieee that 
280mk _ 9, (8.18) 


zm 


By expanding the expression for the deformation work per unit 
volume A (Omk + 50m) in a Taylor series, we obtain 


A = A (Omn + ÔOma) — A (Omt) = (arut vee Fin i + 





+5 (256 z 2 Heee H2 A ae 04150.2 + .. + a ne 


(8.19) 


The second term on the right-hand side of the second equality of 
(8.19), as in the case of (8.9), represents the deformation work per 
unit volume corresponding to the variation of the stress tensor 
50 mz, and is always positive definite. 

By using formulas (4.27), we transform the first term on the right- 
hand side of the second equality of (8.19) into 





dum 
Ory, Somr 
or 
ÔT m:Vüm. 
Also, similarly to (8.13), we have 
ÔT m'Vum = div (UmôT m) — Um div ôT m- (8.20) 


With (8.18) taken into account in (8.20), we obtain 
ÔTm'Vüum = div (Uumô Tm). 
Consequently, from (8.19) we have 
R= j div (Up OT m) dt + 
T 
1 / GA ôA A 
+ ( p (= S07, ee Sa REP 601,502. + eee +z, 41) dt. 


T i4 
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If (4.27) and the formulas of Hooke’s law (4.50) are taken into ac- 
count in the integrand of the second integral, we obtain the work 
of deformation expressed in terms of the variations of the stress 
tensor 50;,. 

By applying the Gauss-Ostrogradsky formula to the first term, 
and denoting the second integral by e, we have 


R= f UmÒOmiNr do +e= | UmôTnmdo +e (8.24) 
oo 


(à) 


We impose on the varied stress tensor Ome + 50,,, the condition 
that it should be balanced by the given surface forces. Then 6T,,=0 
on parts of the surface where the forces are prescribed. Hence, (8.21) 


becomes 
R= f UmôT nm do +e. 


Oy 


Here œ, is the sum of parts of the surface over which the displacements 
are prescribed. Noting that the displacements um on w, are not 
subject to the variation, the last formula is rearranged in the form 


SR =e, (8.22) 
where 
R*=R— f UmT nm dos 


Ou 


Here ( Uml nm do is the work done by the surface forces during 
Ou 
the given displacements on ©,„; R* is called the complementary work. 
Remembering that e is always a positive definite quantity, we 
‘come to the conclusion that R* assumes a minimum value. 
Equality (8.22) enables one to formulate the following theorem: 
the complementary work of an elastic body, considered as a func- 
tional of an arbitrary stress system satisfying the equilibrium equa- 
tions within the body and on its surface, takes a minimum value for 
the stress system actually realized in the elastic body. 


72. RAYLEIGH-RITZ METHOD 


The solution of an elasticity problem often involves great mathe- 
matical difficulties. In these cases recourse is made to the principles 
of minimum potential or complementary energy. The application 
of these principles consists in finding functions satisfying the boun- 
dary conditions of the problem and in minimizing the potential 
energy II or the complementary energy R*. 
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One of the most efficient variational methods is the Rayleigh- 
Ritz method. In this method the solution is represented in the form 
of an expression satisfying the boundary conditions and containing 
unknown coefficients cp, where k = 1, 2, 3, 4,.... Next, the 
value of the potential or complementary energy is calculated. The 
expressions thus obtained are functions of the coefficients c,. These 
coefficients for the actual equilibrium state can be determined from 
the conditions for minimizing the potential or complementary ener- 


gy, i.e., 





oR* 
= =0 o TA =0 (k=1, 2, 3, 4... œ). 
Ifk =1, 2, 3,..., n, then a or = 0 lead to a system 


of n linear equations in the coefficients c}. Substituting the values 
of these coefficients in the above expression, we obtain an approxi- 
mate solution of the problem. It should be noted that the solution of 
the problem obtained in this way is exact if the assumed expression 
includes a complete sequence of functions, i.e., a sequence of measu- 
rable functions of class C, where an arbitrary function from this 
class can be approximated with the required accuracy by means 
of a linear combination of a finite number of these functions. In most 
cases, however, it is possible to take into account only a finite num- 
ber of coefficients c}. 

As an example let us consider the unconstrained torsion of pris- 
matic bars. Noting that in torsion e,, = lgs = €33 = 9 = 6 = 0, 
e31 = O5;/2p, and ez; = 03/2, from formula (4. 36) we obtain the 
amount of strain energy stored in a bar of length a: 


R= F (02, +02,) dey dza, 


where œ is the cross-sectional area of the bar. 
By (7.14), the last formula becomes 


nae (R) (2) Jeet, 


The given surface forces on the lateral surface of the bar are zero; 
hence, the work on this surface vanishes, and at both ends the work is 


f [UT ni HUT no] dry dza econ + f [uT ni + Uel no] dz: dz, laz (8.23) 
o oo 





Here, by formulas (7.1), we have u, = u, = 0 when z = 0; when 
z = a, we have uy = —tx,a, U, = T44, and by formulas (2. 22), 
with Oi = 02. = 033 = 04.=0, we have Tri = Oz Tne = O32 


15-0884 
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when z = a. Instead of (8.23) we then have 


oD ôD 
2 — ariasi ma, — 
uta j ( Tiaa "1 Ge, ) dx, dx. 
o 


The last expression is rearranged in the form 


ura f Q dx, dr, — pta J (E2 caa +252 ) a 


from which, with the aid of the Gauss-Ostrogradsky formula, we 
obtain 
outta f D dx, d£ — uT?a f ® (x, dza + zz dz), 
@ l 


where / is the contour of the region occupied by the cross section 
of the bar. 
Thus, the (a) (22 energy is, by definition, 


R=} pre | [l =) + (32) —40] dry dza + 





+ pta f ® (x, dza + z3 dz). 
1 


By (7.16), ® = constant on the contour l; on the other hand, this 
constant may be taken Dye a zero; we then have, finally, 


pe Lea Ti 2ra x) —40] day dz} (8.24) 








Take a bar of rectangular section of sides 2b and 2c. Noting that 
Prandtl’s stress function ® on the sides z, = +b and z, = -ke 
must be zero and symmetrical in z, and z,, we include in its expres- 
sion naa terms with even powers of z; and zg, i.e., 

= (xi — b?) (xå — c°) (c + cati + cath + etir? p.n) 
Asa oe approximation we take the expression 
® = c (zi — b?) (zf — è). (8.25) 


Substituting (8.25) in formula (8.24), we find 
b c 


2 
Re = ES" N f Cepia aget 
-b -c 
— 4c, (x? — b?) (x2 — c?) } dx, dag, 


from which 





Re = EEO DE [2eb%e8 (b2 +c?) —5c,bc?], 
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Since the complementary energy for the actual equilibrium state 
must assume a minimum value, it follows that 

aR* _ 

oc, Ot” 





from which 


5 
“a= TEL: (8.26) 


By means of formula (7.19) we determine the twisting moment 


b c 
M,=2ut f O dz, dza = 2cypt f f (2? -—b?) (z2 — c?) day dt = 
(A) 


-=b -c 
= 2 Peder. (8.27) 


The maximum shearing stress Tmax occurring at the middle of the 
longer side (b > c) is 


Tmax = pt 2 = Weep. (8.28) 
2 |Xg=-c 
x,=0 
Substituting the value of c, from (8.27) in formula (8.28), we find. 
Toop 2 2 Mt 


max 46 p e * 


By formulas (8.26) and (8.27), the torsional rigidity of the bar is 


p=” (i) b, 


In the case of a bar of square section the approximate solution gives 
the value of the rigidity D = 2.222ubt and Tmax = 0.563M,/b?, 
whereas the exact values are D = 2.250pb* and Tmax = 0.600 M/b% 
the errors are —1.2 and —6.2 per cent, respectively. 

We now take the stress function ® in the form 


D = (x? — b?) (23 — c?) (c4 + cat? + cg). 
Then 





2 
Re =H a bc? [210 (b2 -+ c?) c2 + bt (6602 + 100) c2 + 
et (6602 + 10c%) c3 +b? (B4c? + 60b?) exc, + c? (84b2 + 60c2) e405 + 


+ 122c? (b2 +c?) cac — 525c, — 105b%e, — 105¢2c5] 
15* 
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From the condition for minimizing the complementary energy 
aR* _ aR* aR* 


Gy ag eee 
we arrive at a linear system of three equations: 
140 (b? + c?) cı + b? (28c? + 20b?) c, + c? (28b? + 20c?) cg = 175, 
(84c? + 60b?) cy + b? (132c? + 20b?) c, + 12c? (b? + c?) e} = 105, 
(84b? + 60c?) cı + 12b? (b? + c?) ca + c? (132b? + 20c?) cg = 105+ 
For the case c/b = 1 we find 

1295 525 





C1= z6? C25 3 = Tao 
Then 
M,=2ut \ O dary day = 2.24604, 
S2 
0 
Tmax = pt i = 0.626 HE, 





xı =b 
x; =0 
The errors are now —0.18 and +4.3 per cent, respectively. 

It appears from the foregoing numerical examples that as the 
mumber of unknown coefficients is increased, the accuracy of the 
solution is improved. If the exact solution of the problem is not 
known, the only way of getting an approximate idea of the ac- 
curacy of the solution is to increase successively the number of 
unknown coefficients and compare the final results. If the results 
converge rapidly, the approximation may be regarded as good. 


73. REISSNER’S VARIATIONAL PRINCIPLE 


In Secs. 71 and 72 we have presented two well-known variational 
principles in elasticity: the principle of minimum potential energy, 
also called the principle of virtual displacements, and the principle 
of minimum complementary work referred to as Castigliano’s prin- 
ciple. 

a Reissner proposed a variational principle that also furnishes 
the means of finding approximate solutions of elasticity problems. 
In this principle both the stress tensor and the displacements are 
varied independently of each other. 

Reissner’s variational principle is that the variational equation 


ôI = 0, (8.29) 
where I is Reissner’s functional, 


I= f [+ ( Puk ed ) Okr —A| dx—{ Trin do, (8.30) 
T W 








ÔTr GEJA 
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is equivalent to a system of six relations between the components 
of the stress tensor and the strain tensor 


giei) (8.31) 


2 \ dz, orp ôok, 





(ožr = On, when k =r, of, = 20}, when k Æ r), 


to three equilibrium equations (for simplicity, body forces are dis- 
regarded) 


T =0, (8.32) 

and the boundary conditions 
Tar=T nn OND Op, (8.33) 
Ur =Up ON Wy. (8.34) 


Here œr is the sum of parts of the surface over which the forces Tar 
are given, and œ, is the remaining part of the surface over which 
the displacements a, are given. 

To prove this principle, we use the well-known relations 


e E E 
From (8.29) and (8.30) we then obtain 
J [4 (S44 ður ) on a 

Lp i 


OLR, 


























+y z (Se + far) Sor — 


ðA = 
i = borr | dx E T ,,5u, do =0. 
T 


By using the Gauss-Ostrogradsky formula, we have 


T 








Oxy OR 
o 


Noting that 0,,7,=T,, and © =0r+0,, we silt 


l 7 ( T Faar ae Orr dt = j T npSup do + \ T ,8u, do — 
T 


Ox, 





Op oO, 





O0nr 
f Rr Su, dr, 


Here the index k is summed in the first and second integrands, and 
the indices k and r are summed in the third integrand. 
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By virtue of the last bee we have 
(= scan OOnr 
J {lz ( Oxy H Gay lz A =| ôorr — âTr bun} One 


+f (Tan — Tna) un d+ f T „hôup do =U. 


or Ou 














The last integral is zero because, by condition, 6u, = 0 on a,. 

Since the variations of displacements and stresses are arbitrary 
and independent, on the basis of the fundamental lemma of the 
calculus of variations we infer from the foregoing condition that 
the factors of the corresponding variations are zero both in the vol- 
ume and surface integrals, giving Eqs. (8.34), (8.32) and the boundary 
conditions (8.33), (8.34). 


74. EQUILIBRIUM EQUATIONS AND BOUNDARY CONDITIONS 
FOR A GEOMETRICALLY NON-LINEAR BODY 


In solving some problems of the theory of elasticity, such as sta- 
bility problems, it is necessary to take into account the components 
of the finite strain tensor defined by formulas (3.17). Here we shall 
restrict ourselves to the derivation of the equilibrium equations 
and boundary conditions for this case. 

From the variational equation of equilibrium we derive the equilib- 
rium equations and boundary conditions for the case when the 
components of the strain tensor are given in the Cartesian co-ordinate 
system (3.24): 














=, un Ou, OUg Ig 
Enr =F z ( OrR + Orn a Orn Tn ). (8.35) 


Suppose that a body is in equilibrium under the action of a surface 
force T, and a volume force pF. The variational equation is then 
of the form 


\ OnndEnn dT — f pF ,8u, — j Trôu do =0. (8.36) 
T T oo 


By varying expression (8.35), we obtain 


1 ou OuR Ou, Ou ðu ôu 
bein =z (ô e oe oe, O55 tas) oa j; 


By direct calculation it is easily found that this expression may 
be put into the form: 


dern =p | (Santee) 8 Ge + (Sunt Gee) OG]. 8.37) 


Here 5,; are the Kronecker symbols. 
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By (8.37), the variational equation becomes 


Af oan (ban t2) 6-28 drt | onn (Ban + Mt) 8 He de — 
T 


Orn Oz, 
T 











& f pF bu, — J Ty,Su,da—=0. (8.38) 
E 


o 


We introduce a non-symmetrical tensor of the form 


an =Onn (San HE). (8.39) 


Taking this into account, the variational equation of equilibrium 
is transformed into 


+) San9 ita ditg r | Sand ZE 


T 





= at — f pF, du, — f Ty,5u; do =0. 
oo 


The last equality is represented as 


1 ô 1 ô 1 
7 j rr (Santa) at Tg f n bug dt+> | yer 
T T 





FEN (San5Ua,) dt — 


1 ð 
-5 | Sa Sak bu, dt— J pF pôu dt — j Ty, 5u, dw = 0. 
T 


w 





By applying the Gauss-Ostrogradsky formula, we find 
0 
f (SanVn — Tva) ua do — j ( i +pFa) bug, dt = 0. 
T 





On the basis of the fundamental lemma of the calculus of variations 
we have 


oa 





+pFe=0, SanYn—Tyva=0. 

With (8.39), we ae the equilibrium equations 

Jeg [Onn (Sar H-5) | +pFa=0 (8.40) 
and the boundary conditions 


SanVn = Tya. (8.41) 








CHAPTER IX 


Three-dimensional 
static problems 


For the solution of three-dimensional static problems of the 
theory of elasticity we have no such efficient analytic techniques 
as in the plane theory of elasticity. Here we shall consider certain 
particular solutions of the equilibrium equation in the absence 
of body forces, for which the displacement increases indefinitely near 
specific points. These points must lie outside the body or must be 
contained in special cavities within it. It should be noted that the 
simplest type of isolated singular point is the point of application 
of a concentrated force. 


75. KELVIN’S AND BOUSSINESQ-PAPKOVICH SOLUTIONS 


If a body is acted on by mass forces, the vector equilibrium equa- 
tion is of the form of (5.7). Suppose that the region occupied by the 
body extends to infinity in all directions and the mass force F is 
different from zero in a region t, coinciding either with the whole 
of the region t or with a part of it. 

We present the general form of the particular solution given by 
Kelvin (W. Thomson). The displacement vector is expressed in 
terms of the scalar potential ọ and the vector potential p by the 
formula 

u = Vo + rot. (9.1) 
Here V is the Hamiltonian operator. 
Suppose further that the mass forces may be represented as 


F=v® + rot Y. (9.2) 
By using the vector identity 
rot rot u = V div u — Au 
n the equilibrium equation (5.7), we come to the equation 
(à + 2u) V div u — prot rot u + pF =0. (9.3) 
From (9.1) we calculate 
V div u = VAQ, 
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rot rot u = rot rot (Yọ + rot) = rot (rot rot) = 
= rot (V div p — Ay) = —rot Ay. 
Substituting these relations and (9.2) in the equilibrium equation 
(9.3), we find 
V [(A + 2u) Ap + p®] + rot [uA + p¥] = 0. 
This equation is satisfied if we assume 


p S 
AQ EET ®©, Ay i Y. (9.4) 

Thus, a particular solution of Eq. (9.3) can be obtained from par- 
ticular solutions of Poisson’s equations (9.4), which, as is known 
from potential theory, are of th 





form X3 
2 p © (r') 
PSAE J Ee r 
Ti 2 
(9.5) r' 
y 1 
WAG) om j EPI du, (9.6) x > 


G 
where l = [(x, — x;)? + (x, — 2;)?+ 

+ (z — x;)?]/ is the distance 

from a point r’ (zi, £}, 2%) of the Fig. 39 

region T; tothe pointr (x, £o, £3) 

for which the functions @ and are calculated; the integrals are 
extended over the region t, outside whose boundary the mass forces. 
are zero (Fig. 39); the functions ® (r) and W (r) are determined by 
the formulas 


® (7) = -z f F -yl dt, (9.7) 
Ti 
¥(r)=— f F x yli dt, (9.8). 
Ti 


which follow from the condition that the mass force F may be repre- 
sented in the form of (9.2). Indeed, with div rot © = 0, from (9.2) 
we find 

div F = div YỌ, rot F = rot rot W, 


or with div ¥ = 0, 











AD = 2E p Fay 2Ps 








~~ Ox} EA Oxy ? 
E ôF, ôF, ôF, ôF; 
od ( ðr, ðr E AY,= —( ðr ðr )e 








Av,= —( OF, _ óF, i 


, , 
Ox; 0x4 
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The particular solutions of these equations may be written as 


D(r)=— 1 (Teapa) Aan, 


Oxy 0x5 











Ti 


vmi f (B-a, 


GEZA Oz: 








1 


v= | (e) fan, 


0x3 Ox; 


(9.9) 








Tı 


Y, (=z) (Z OF ) pau. 


Oxy 0x9 





Tı 


By applying the Gauss-Ostrogradsky formula to the first equality 
of (9.9), we find 


® (r) = -4f + L Fyn, dotaz | F, 2 Sr T dr, (9.10) 


where @ is the surface of the region t}. 
Assuming that the mass force is continuous in the region t up 


to its boundary (then on this boundary F, = 0 and also = = 
zR 


= — Z) , instead of (9.10) we obtain (9.7). Likewise, from the 


three remaining equations of (9.9) we find 
1 „ ôli ôl-71 
Y=] (Fs S Fa F) de, 


3 Dra Or, 2 dts 





Ty 
Ya (n= ge | (Fe Fo) aes, 
Tı 


Wrz J (F AE (5 a ) des. 


26x, Ox, 
Ti 


‘These three scalar equalities are equivalent to one vector equali- 
ty (9.8). 

To obtain the Boussinesq-Papkovich solution, we represent the 
„general solution of the equilibrium equation (9.3) as 


u = AV (9 + rp) + By, (9.11) 


where r is the radius vector of a point of the body, A and B are 
unknown constants, @ and are unknown functions of position. 

By applying the operator rot rot to both sides of equality (9.11), 
-and taking intojaccount the vector identities rot rot = V div —A, 
Tot V = 0, we find 
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rot rot u = B (V div p — Ay). 
Since 


div Y =A, A(rp) =r-Ap + 2 div», (9.12) 
from (9.11) we have 
div u = AAg + Ar. Ay + (2A + B) div». (9.13) 


Inserting (9.12), (9.13), and rot rotw = B(V div p — Ay) in 
Eq. (9.3), we have i 


(A + 2u) AV (Ap + r- Ap) + [(A + 24) (B + 24) — 
— uB] V div p + pBAp + pF = 0. 
This equation is satisfied if we assume 
Ag + r-Ayp = 0, 
(A + 2p) (B + 2A) — pB = 0, (9.14) 
BA + 7 F=0. 
From the second equation of (9.14) we find 
— _2A+2p) = 
B=— Besa A= —4(1—v)A. 


On putting A = 1, from the third aa we have 


Substituting (9.15) in the first eae of (9.14), we obtain 
Ss 
Ag= maaa or: (9.16) 


Thus, the solution of the equilibrium equation (9.3) can be found 
in the form of (9.11) if the vector function and the scalar function ọ 
satisfy, respectively, Poisson’s equations (9.15) and (9.16). The 
Boussinesq-Papkovich solution involves four scalar functions, 
namely the scalar function @ and three projections of the vector ‘p. 
The representation in which ọ is not a harmonic, but a biharmonic 
function was given by J. Boussinesq, and independently by B. G. Ga- 
lerkin. 

Some problems can be solved without using so many functions. 
By taking, for example, p = O in solution (9.11), we obtain a simple 
solution of the form 

u = AV. (9.17) 


By the first equation of (9.14), the function ọ is harmonic; moreover, 
from the third equation of (9.14) it follows that solution (9.17) is 
suitable for the case when body forces are absent. 
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From (9.17) we find that 
div u = A div Vo = AAg = 0. 


Thus, for the simple solution of the form of (9.17) the volume strain 
is identically zero. 

By formulas (4.35), for the solution of the form of (9.17) the for- 
mulas of the stress tensor become 


On, = 3A Z2 m = . (9.18) 


76. BOUSSINESQ’S ELEMENTARY SOLUTIONS 
OF THE FIRST AND SECOND KIND 


In this section Kelvin’s solution will be used to obtain a solution 
for the case of a concentrated force F applied to a solid at the origin 
of co-ordinates and acting in the z, direction. 

We take an arbitrarilysmall neighbourhood of the point of ap- 
plication of the force (the simplest singular point) bounded by the 


planes x, =+ Le, and assume that F = r; ; from (9.7) and (9.8) 
we then find 


O(r)= 73 3 W (7) = gs (i +i, a). (9.19) 


4np rè?’ 





Substituting n in (9.4), we obtain 
z F. A 
Ag+ Ant ( ao = =0, Ap tie (—a13 +4, at) = =0. 


EZE 


Since A(Z) =—ĉ22 the last equations may be written as 
r r3 


A (9-a) =o 


72 ° 1 = 
A [y+ ae (i i, 1) ]=0. 
These equations are satisfied if 
F, . . 
Pir) =a opr v= ( —i Tt 4,1) , 
from which 
F. : i 4 3 
Vem aaa tay Lt at — aa +t ([—3F)], 
rotp= a4 a 44, “#84 i, (+4). 
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Substituting these expressions in formula (9.1), we find 


(A+p) Fs i i Tr 3 z%  At+Sp 1 
= sro | +4, +43 (S+ 7S) ]. 20) 
Formula (9.20), obtained from Kelvin’s solution as a special exam- 
ple, was first derived by J. Boussinesgq and designated as an elemen- 
tary solution of the first kind. 
From (9.20) and the formulas of Hooke’s law we have the follow- 
ing relations for six components of the stress tensor: 
2 
oy = B= [3 (+) als 01g = BBS, 


r 


omp 3 [3(2)'— pe], n= 82 [e (2) +285], 











(9.21) 
msni (Sai ai a (Ht), 
where B = - pa. 


By an elementary solution of the second kind is meant solution 
(9.17) in which the harmonic function ọ is equal to 


go =Aln(r+2s). 


Then 
ian, Aa ye (9.22) 
i r (z3 +r) ? 2 r (z+ r) ? 3 r° : 
On the basis of formulas (9.18) we find 
mi x24+-22 x2 
ou= nd (Seen eA) 
— zita z3 
a= 24 (See AFT) (H2) 


L12 (£3 + 2r) 
r3 (zgr)? ? 


034 = — yA, 


033 = — Quad Z Oig = — 2u A 


O23 = = — 2u A22 A 

The components of the stress vector acting on a plane passing 
through a given point perpendicular to the radius vector r are, by 
formulas (9.22), with (9.23), and also with the use of the fact that 


cos (r, z) = È 


>? 
Tri F E ao 
Fr) ; 9.24) 
Tr = —2pA ary Œ aa Ta = —2Az. 
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From the singular point (the origin of co-ordinates) describe a sphere 
of radius e > 0, and consider its part situated in the region x, > 0. 
On the basis of formulas (9.24) it may be stated, without calculations, 
that the resultant moment of all forces acting on the surface of the 
hemisphere and the projections of the resultant vector of these forces 
on the x, and x, axes are zero, and the projection of the resultant 
vector on the z axis is 


Ry= | T, do = -%45 | do = —4å4np á. 
Q 


ao 


Consequently, the resultant of all forces acting on the surface of 
the hemisphere i is directed along the z3 axis and is of magnitude 


R = —4npA. (9.25) 


Thus, the origin represents a simple type of isolated singular 
point at which is applied a concentrated force directed along the 
ox, axis and of magnitude Fs; = 2R, = —8npA. 


77. PRESSURE ON THE SURFACE 
OF A SEMI-INFINITE BODY 


In order to find the field of the stress tensor in a body occupying 
the half-space x, œ> 0 subjected to a concentrated force T applied 
normally to the plane boundary zz of this body, we make use of 
the results of the preceding sections. Transfer the origin to the 
point of application of this force. 

Take a solution of Eq. (9.3) as the sum of solutions (9.20) and 
(9.22). Then 

(A+B) Fs 2123 bs 
8n (A+ 2n) ph 78 

A+) Fs Ts LA 
= Bn (A+ 2H) p a ces) 

(A+) Fs Ater —]+4= 
8n (A-H 2h) p t EF 


These relations represent a solution of Eq. (9.3) everywhere, except 
atthe point of application of the force T. 

We shall try to determine F, and A so as to fulfil the conditions 
of zero external forces on the boundary z = 0, i.e., T33 = Tg, = 
= T} = 0; hence, 





om Tı 
KE rey 


(9.26) 





U3 = 


Oss = O91 = O32 = O; (9.27) 
by the laws of statics, at the point of application of the force 
'F 
T=-3+ 4npA. ; (9.28) 
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By using formulas (9.24) and (9.23), from (9.27) we obtain 


2 F 
031 = ——p E CEE +4] TY Sas, 
22a 


F 
032: = — F u | EOE +4 ]=0, 
from which 


4 


Thus, for the determination of F and A we have obtained two 
equations (9.28) and (9.29), from which we find 
— 2+ 2n) 7 STE KE 
oh ania Yo aes ne EET 


Substituting the values obtained for F, and A in formulas (9.26), 
we find Boussinesq’s formulas 


_ T 2485 T Oa O 
“= Ga r m a) r@sFr) ’ 
T zər Lo 
ea a ee (2:40) 
m= T 23 y TUA A 


ánu (AB) r’ 


Solutions (9.30) give the values for displacements at all points of 
an elastic hody sufficiently far from the point of application of the 
force T. 

At points of the boundary oz,x,, where z = 0, the displacements 
are determined by the formulas 


4m r3 


a T zy 
m=- pe 
T x 
u= RFT’ ey 
u — Z042 1 


3 Anp (AF) r?’ 


where r= VEFE. 

Inserting the values of F and A in formulas (9.21) and (9.23), 
the field of the stress tensor in the half-space under consideration is 
determined by 

; z234 72 z? 
SEEE “a [3 ( > oo z an fom pe) ba |. 


ty 
r. 
=L af ta a Be fit L l 
On = — oes [3 (F) eran tn Em LF (+25) aoa |» 
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- Tx s 
033 = — Jar? (= is T a a ltt rs? 


BT ry rety 12 (z3 + 2r) 


Oi = — Sa tait ee 


ma | (> )’ toa lta a 
o= — zee [3 (2 +o) +a. 


Let q (&, n) be the intensity of a force distributed over some area 
© of the boundary plane ox,z, of the hemisphere. The element of 
area d& dy is acted on by the force 


dT = q (Ẹ, n) dẸ dn; 
on the basis of solution (9.30) the displacements are 


e! TIT bu 
=a) (C-aren) E n ddn, 


023 = — 





@ 
£204 Lok. u 
naa) (rir en) Waban, (0.32) 
1 zz, A+2u 4 
m=z | (FE + GET) IG Waban, 
@ 


where 
r=V aF m Were 


Here &, ņ are the co-ordinates of the se of application of the force 
aT ; x1, Xz, £g are the co-ordinates of the point at which the dis- 
placements u4, Ug, Ug are sought. 

The displacement. along the z axis of any point of the boundary 
02,2, is, according to (9.32), 


—6{ 26). ag 
n= | ee aay a ee 


where 
__ A+2p 
~ ány (A+ ph) * 


78. HERTZ’S PROBLEM OF THE PRESSURE BETWEEN 
TWO BODIES IN CONTACT 


Suppose that two homogeneous isotropic bodies, J and 2, with 
different elastic constants are in contact at a point o, which is taken 
to be the origin of a rectangular Cartesian co-ordinate system 22523. 
Let the axes ox,, 0x, be placed in a plane tangential to both bodies 
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at the point o, and let the axes z}?, x? be taken coincident, respec- 
tively, with the inward normals to the surfaces of these bodies 
(Fig. 40). Referred to these co-ordinate systems, the equations of 
the surfaces of the contacting bodies before deformation are 


P= fi (£1, T2), P = fe (£i, £2). (9.34) 
Equations (9.34) of the surfaces of the bodies near their point of 





[Fig. 40 


contact o (the point o is supposed to be regular) may be represented 
with sufficient accuracy as 

















i 1 rP) agd 2s) bap) 

ET Gxt loo C 2 Oak Pi 21,0 %| rete 

ay => za 1 t er ar Lito. 
6x4 [0,0 2 ôr? 2 | 02102, 0.0 











The distance between two points, M, and M,, of the contacting 
surfaces lying on the same normal to the tangential plane ozz 























is determined, according to the last relations, by the formula Í 
LP + r? = (Ay + 4a) at + (Bi + Ba) 23 + (H, + Hy) tita., 
(9.35) 
Here the following notation has been introduced: 
1 atest) atz(2) 
A= 7 z , A, =+ $ , 
9x4 [o,o azi [0,0 
1 ares!) 
an ðs loo” 
pt. ara?) Gait) = atx?) 
; 2 6x2 0,0 7 i Ty ôT ra OX, OX, 0.0 
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The quadratic form (A, + 43) £ + (Bi + Ba) 23+ (A, + H3) 42, 
defining the distance between the indicated points M, an 2 
must be positive for any choice of the z, and z, axes, and we can 
choose the axes so as to make the coefficient H, + H, zero. Introduc- 
ing the notation A = A, + A,, B = B, + By, we have 


IP + 2) = Axi + Br}. (9.36) 


Consequently, the coefficients A and B are positive. 

Let the principal radii of curvature at the point of contact for 
the first body be denoted by RY and RY, and for the second body 
by RY and R4”. If they are considered to be positive, then 


4 4 4 4 
2A= Tay +R 2B= soy + Rar: 


From (9.36) we draw a conclusion that the curves of equal distance 
between two points of the contacting surfaces lying on the same 
normal to the tangential plane ozz, are concentric ellipses. 

Suppose that the two bodies are pressed to each other by a force T 
directed along the normal to the tangential plane ozz, at the point 0; 
near this point the bodies make contact over a small surface. This 
surface is called the pressure surface, and its contour is called the 
pressure contour. The projection of the pressure surface on the tan- 
gential plane oxx, is termed the region of contact. It may be assumed, 
with sufficient accuracy, that in compression the bodies come into 
contact at points lying before deformation on the same normal to 
the ozz, plane. It is seen from (9.36) that the pressure surface has 
an elliptical shape. 

As a result of the compression of two bodies any two points, lying 
on the x;? and z® axes sufficiently far from the point o for the 
deformations at them to be neglected, come closer together by an 
amount œ equal to the sum of the displacements u$ and u§? of 
the point o. 

Let uf and u$’ denote, respectively, the displacements of points 
of the two contacting surfaces lying on the same normal to the oziz, 
plane in the directions of the ox} and ox% axes. The distance between 
two such points decreases by an amount equal to a— (us? + u9). 
Thus, for all points of the pressure surface the following relation 
holds: 


ay ul? +a) +uy =a, (9.37) 
and for the points outside the pressure surface we must have 
a) + us? +2? +uf? >a. 
By using relation (9.36) in formula (9.37), we find 
uP + uv = a— Ari — Ba}. (9.38) 
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To determine the elastic displacements and stresses in the region 
of contact between the two bodies, we assume that the pressure sur- 
face is very small and that the bodies may be replaced by half- 
spaces. These half-spaces are acted on by a normal pressure q (&, n) 
over the region of contact œ; the frictional forces on the pressure 
surface are neglected, i.e., we assume that there are no shearing stress- 
es in the region of contact. 
By using formula (9.33) in (9.38), we obtain 


f 1ÈM dg dy = (a — Ax? — Ba?) (01 + 05)". (9.39) 
Here = 
0, = Ayt2py An do t2uo . 
! ánu: (Ait Hy)’ 2 Anus (Aa + Ho) ’ 


Ay, H and Às, Hs are Lamé’s elastic constants of the first and second 
bodies, respectively; A and B are known positive quantities deter- 
mined from the shapes of the contacting surfaces. 

Thus, the solution of the Hertz contact problem is reduced to the 
determination of the pressure q (&, n), the approach of the bodies a, 
and the size and shape of the region of contact w. In Eq. (9.39) 
the value of the convergent improper integral represents the poten- 
tial for a simple layer distributed with density q (E, n) over the 
region of contact. This potential at points of the region of contact 
represents, according to (9.39), a quadratic function of position. 
On the other hand, it is known that the potential at interior points 
of the homogeneous ellipsoid 


at ah a 
ae tpt a= 


is a quadratic function of the co-ordinates of the point and is of 
the form 
i z? -z3 z? 
o0 1— h a -= dh 
pada a24- bA ar) 


[a2 +A) (+A) (e+ ayy? 


On comparing these facts, H. Hertz concludes that the right-hand 
side of formula (9.39) may be taken as the potential for a homoge- 
neous ellipsoid whose thickness in the ox, direction tends to zero 
(c — 0), and the density p increases in proportion, so that the mass 
of the ellipsoid remains unchanged. The region of contact œ is then 
an ellipse into which the ellipsoid degenerates as c —0, and the 


following relation holds: 


2 
œ T32 


= | ong omer 
ea (æ — Ax} — Bz?) = nab lim (cp) j aHa DFA 


4 Tarn) (EA) AZ dà. (9.40) 


16* 
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The density of a simple layer q (, n) is equal to the mass enclosed 
in a prism of unit base and of height 


æy 1-44 
a2 bB’ 


i.e., the contact, pressure is obtained as 


a(n) =2lim (ep) y 1-4-2, (9.44) 


Based on the laws of statics, the force T maintaining the bodies in 
contact can obviously be obtained as the resultant of all forces 
q(& n) over the region of contact œ. Consequently, it is equal in 
magnitude to the mass of the whole ellipsoid, i.e., 


| P=4 nab lim (cp). (9.42) 


Eliminating, now, lim (cp) from formulas (9.41) and (9.42), we 
obtain, finally, 


rie ae 9.43 

a6 n= Tab a? b ° (9.43) 
From equality (9.40) we find 

A=+.7 (0+0) {___,4 r. 9.44 

ee oe 

B= ZT +e | Gamer C 

Wae a (9.46) 

i 4 [(a?-+A) (A) ay? * 


After determining the semiaxes a and b from the first two equations, 
we find @ from the third equation. In the general case the determina- 
tion of a, b, and @ involves the calculation of the elliptic integrals 
of the first ‘and second kind. 

If the two bodies in contact ue spheres, the calculations are simpli- 
fied. In this case A = B= > sE + zx) , where R, and R, are 
the radii of the spheres. Taking into account that A = B, and using 
formulas (9.44) and (9.45), we have a = b (the pressure surface is 
a circle); consequently, formula (9.44) becomes 





—3T (0, +9) _ an 
ASE j (a3 AIK" 
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Denoting à = a? tan? g, we find 


A= ae T 2 cos? ọ dọ 
ð 
or 
4i 4 3T (0+0) 
slate) = = Sa? - 
Hence, 


— 3 Jo 3T (8, +0) a 
= ep ree ee 9.47) 
V cae) 


i.e., the radius of the pressure circle is proportional to the cubic root 
of the force T. 
From formulas (9.43) and re = we have, respectively, 


1E, =p VE EF, (9.48) 
1 ? 3 
a=5 T (0:40) — | dp=—7 (0+0) 
0 


a 
< 


or 
a= V FE 0,40) ($44). (9.49) 
In the case of two identical spheres the following equalities hold: 
R= R, =R, @@=90, = 8. 
On the basis of formulas (9.47) and (9.49) we then have 





926272 
2R 


If the second body is a half-space (R, = oo), then 


3/3 3 
a= z TR, a= 








SF Gi eee A E ye a aera 
a= Fa +O)TR, a= V E TOT O. 
When an absolutely rigid plane (0, = 0) is indented by an elastic 
sphere with a force T, we have 
I R 3 A OnE nama 
a= V/ Š n0,TR,, a= | ei 0272, 


The pressure q (Ẹ, n) is determined in all these cases by formu- 
la (9.48). 


246 Ch. IX. Three-dimensional Static Problems 


79. SYMMETRICAL DEFORMATION 
OF A BODY OF REVOLUTION 


Let a body, representing a body of revolution about the x, axis, 
be deformed under the action of surface forces (body forces are ab- 
sent) symmetrically with respect to this axis of revolution. The 
displacement in a direction perpendicular to a plane passing through 
the x, axis is zero, and the other two projections, u, and ug, are 
independent of the polar angle ọ. For the solution of this problem it 
is convenient to use cylindrical co-ordinates r, @, x3. The compo- 
nents of the symmetrical strain tensor in the cylindrical co-ordinate 
system are, by formulas (3.29), 

ður Up ĝus 


Err = o , Epp r? C33 = Ors , 


ður Zs 





(9.50) 


Substituting (9.50) in the formulas of Hooke’s law, and expressing 
Lamé’s coefficients À and p in terms of E and v, we have 


vE 1—v ður , Up , OUg 
2v) [ v Or + r Taz 





7 AFv az, 
vE Our , 1—V up , Ou 
ae al ay me cet el an 


vE Our 1—v du 
=ni Le ers poke y aeh 





E Our , Ou 
cnn acing (2+? S). 
If we assume 
u — AY 20 
rE ôr oe : 
1 20 (9.52) 
ug ="F [1-29 40-4 4-4 2 ], 
formulas (9.51) become 
a ao 
Orr = zr (VAO—Fe š 
ô 4 a 
o = Fe, (VAO— ae) 
ô 
os =z, (2—v) aot], (9.53) 


Ors = [| (19) aoig], 
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where 
ô? 1 0 8? 
AS Sa oS yt Fz’ 
© (r, zs) is the stress function. 

Functions (9.53) identically satisfy the first two differential 
equations of equilibrium of (2.30), and the third equation takes the 
form 

ð? 1 ô ð? \2 
AAD = (aty taa) D=0. (9.54) 
Under this condition functions (9.53) identically satisfy the compa- 
tibility equations (5.37). Thus, the problem of the symmetrical 
deformation of a body of revolution is reduced to that of finding 
a solution of the biharmonic equation satisfying the appropriate 
boundary conditions. 

We present the solution of the problem of the symmetrical defor- 
mation of a solid circular cylinder produced by forces applied on 
its lateral surface and symmetrically distributed with respect to 
its axis. To solve this problem, we determine the stress function ® 
from Eq. (9.54). Obviously, a solution of the equation 

am, 1 ô , 2D 

git oe ee (>) 
is also a solution of Eq. (9.54). This solution may be taken in the 
form 


@* = Q, (r) sin kzz. (9.56) 


From Eq. (9.55) we then obtain an ordinary differential equation for 
the function Q, (r) 
do 1 d® 
si ar aca =0. (9.57) 
Noting that one of the fundamental solutions of Eq. (9.57) becomes 
infinite whenr = 0, our interest will be concentrated on the bounded 
solution, which is of the form 





k?r2? art kor 6 
D=e (1+5 tap treat). (9.58) 


The series within the parentheses in expression (9.58) is called the 
Bessel function of zero order with imaginary argument (ikr) and 
represented by the symbol I, (ikr); instead of (9.56) we then have 


@O* = cI, (ikr) sin kzz. (9.59) 


The derivative of the Bessel function with respect to the imaginary 
argument (ikr) with a negative sign is called the Bessel function 
of the first order and represented by the symbol J, (ikr). By direct 
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checking it can easily be established that the following relation 


holds: 
4 d f 
(++ e) 0,0) =21 (ikr) 
if a i a 
D, (r) =r -Ż Io (ikr)= — ihr, (ikr). 


Noting that the function J, (ikr) is a solution of Eq. (9.57), we 
come to the conclusion that the function ®, (r) is a solution of the 
equation 
dD 1 dO. 
(++ r ra =i ( Get ag POs) =0. 
Consequently, the solution of Eq. (9.54) may be represented as 
@** = c, ikrI, (ikr) sin kzz. (9.60) 


Thus, on the basis of (9. 59) and (9.60) the stress function may be 
expressed as 


= [eI (ikr) + c,ikrI, (ikr)] sin kz. (9.61) 


Substituting this stress function ® in formulas (9.52), we find the 
components of the stress tensor; for example, for o,, and o, we have 


rr = lepa (7) + cat, (r)] cos kg, 
(9.62) 


Ors = lepa (r) + cap, (r)] sin kzg, 


where p1 (r), pa (r), Ya (r), p, (r) are completely determined functions 
expressed in terms of J, (ikr) and J, (ikr), which are not presented 
here. 

By (9.62), the boundary conditions on the lateral surface of the 
cylinder are 


Tr = ley (R) + cap (R)I cos kz, 


Tps = [erpa (R) + cap, (R)I sin kzz. 


By a suitable choice of the constants k, c,, c, it is possible to study 

different kinds of loads symmetrical with respect to the axis of the 

cylinder and acting on its lateral surface. For example, in the case 

when the lateral surface of the cylinder is acted on by normal pres- 
nrg 3 


. : T 
sures pn Cos -7 and tangential forces q, sin = and when 


k= a (L is the length of the cylinder), from formulas (9.63) we find 
ey); (R) + ca pa (R) = —Pns 


cipa (R) + cap, (R) = Qn- 


(9.63) 


(9.64) 


9. Symmetrical Deformation of a Body of Revolution 249 


From this we obtain the values of the constants cı and c3. If the 
solution of Eq. (9.54) is taken in the form 


s @ = [c], (ikr) +.cyikrl, (ikr)] cos kag, (9.65) 


by a suitable choice of the constants cs, c,, k we obtain the solution 


of the problem when the lateral surface of the cylinder is acted on by 
- NATZ : NTE3 

normal pressures p, sin SA and tangential forces qn cos 7: 

Thus, on combining solutions (9.61) and (9.65), and using the 
principle of superposition of the actions of forces, we can obtain 
any distribution, symmetrical with respect to the axis of the cylin- 
der, of normal and tangential forces on its lateral surface. At the 
ends of the cylinder there may be some forces symmetrically distri- 
buted with respect to the axis of the cylinder. By superimposing an 
axial tensile or compressive force on these forces, it is always possib- 
le to make the resultant of all forces zero. According to Saint Ve- 
nant’s principle, the effect of these forces on the state of stress at 
some distance from the ends may be neglected. 

Consider, now, the problem of the bending of a circular plate of 
uniform thickness. 

It is known that in a spherical co-ordinate system in the case of 
axial symmetry the biharmonic equation is of the form 





ð? 2 0 4 ô 1 8 \2 
We first consider Laplace’s equation 
oe 2 0 1 ô 1 8 
(sete ae t ae Ot oy + ara) P=0 (9.67) 
and try its particular solutions in the form 
D, (R, ) = RO, (Y), (9.68) 


where 7 is a positive integer. 
Substituting (9.68) in (9.67) gives 
aD dð 
mp teot p ap 
The change of the independent variable ņn = cosp reduces Eq. 
(9.69) to a Legendre equation: 





+n(n+1)®, =0. (9.69) 


Òn 


d® 
(1— af) mN 


ay 
whose solution is sought in the form of a polynomial: 


Dan (tp) = ayn” Haa? ant H n nn artn 








+n(n+1)®,=0 (9.70) 
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Substituting this expression in Eq. (9.70), we find 
[n (n — 1) a, + 2 (2n —1) aal 2 4+... 
... + {in (n + 1) — (n — 2r + 2) (n — 2r + 3)) a, + 
+ (n — 2r + 4) (n — 2r + 3) ap} q7 = 0. 


From this 
_ _ (n—2r +4) (n— 2r+3) = 
Or = — gpi) nr F3) 7-4 (r=2, 3, wre) 
Consequently, 


= e. n (n—1) n- n (n—1) (n—2) (n—3) n- ; 
Da (4) =a [r-i w- ++ -gen nay sej: 
We substitute this solution in (9.68). Noting that 
n=cosp=3, R=Vr+ai, 
for n = 0, 1, 2, ... we obtain the following solutions of Eq. (9.67): 
Dy = 4o, 
D; = Aiz, 


D= 4 [ai rea], 
D; = A; [s4 T3 reta | , 
O =A [$F ea H]. 


Here Ay, A,, . . . are unknown constant coefficients. These solutions 
are obviously solutions also to Eq. (9.66). 


If R"®,, (ip) is a solution of Eq. (9.67), it can easily be established 
that R"*?D, (p) is a solution of Eq. (9.66). Indeed, 
(fatra tae cot Ut ape) RPG, Y= 

=2 (2n +3) R*®, (¥). 
Substituting the last relation in Eq. (9.66), and remembering that 
R” ®, (p) is a solution of Eq. (9.67), we have 


ô? 2 ô 4 ô 1 82 \2 pn? we 
(mtrt Etama) POW) = 


(9.74) 


2 2 1 1 a = 
=2 (2+3) (Sat fr tarot v tara) RO, (p) =0. 


Consequently, on multiplying solutions (9.71) by R? = r? + z$, 
we obtain solutions of Eq. (9.66), which are no longer solutions of 
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Eq. (9.67), 
D3 = Ba (r? + 23), 
Of = Biz; (r* + 25), 
(9.72) 
D} = B, (25-1?) (r? +25), 
3 = B; (223 — 3r?x) (r? +25). 


By using the preceding solutions, we shall consider different 
cases of a symmetrically loaded circular plate (Fig. 41). 


a| O o~ 


X3 
Fig. 44 
(a) On the basis of (9.71) and (9.72) the stress function ® (r, zs) 
is represented as a third-degree polynomial: 
O (r, x3) = a3 (223 — 3r2z3) + bz (x3 + r2z3). (9.73) 
Substituting this function in formulas (9.53), we obtain 
0,, = 6a3 -+ (10v — 2) bg, 


Son = bas + (10v—2) bs, (9.74) 
033 = —12a,+ (14— 10v) bs, 
0;3 = 0. 


Thus, for the stress function (9.73) the components of the stress 
tensor are constant throughout the plate. The constants a, and bs 
can be determined if uniformly distributed Ogs = 733 and O, = 
= T, are given, respectively, on the faces and lateral surface of 
the plate. 

(b) With the use of (9.71) and (9.72) the stress function is now 
represented as 

Dr, x3) = a, (8x3 — 24r2x? + 3r*) +b, (22$ + rzez? — r’). 
On the basis of formulas (9.53) we obtain 
O,r = 96a,x2, + 4b, (14v — 1) as, 
O33 = —192a,2, + 8b, (8 — Ty) Zz, (9.74a) 
Org = 96a,r — 4b, (8 — Tv) r. 
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If we assume 96a, — 40,(8 — 7v) = 0, then 
Oss = Ors = 0, Onr = 28 (4 + v) Dy. 


The constant b, can be determined if a constant value of the bending 
moment M, is given on the lateral surface of the plate. Then 


h ; 
2 { 0,23 dza = M,. 
0 


This condition is integral, but according to Saint Venant’s principle 
the state of stress so found will be sufficiently accurate at points 
remote from the lateral surface of the plate. 

From the last relation we find 


b 3M, 


4 56 (1F v) he * 
Then 


3M 
Or = 355 £3, O33 == O73 = 0. 


This solution represents the pure bending of the plate by moments 
uniformly distributed over its lateral surface. 

(c) Based on (9.71) and (9.72), the stress function is taken in the 
form 


® (r, x3) = + as (168 — 120z$r2 + 90zr2r* — 5r6) + 
+ bg (823 — 16x5r? — 21 x3r + 3r§) + a, (82$ — 24r2x5 + 3r4). 
For this function the stresses are as follows: 
Opr = Ag (32023 — 720r2x3) + be [64 (2 + 114v) 23+ 
+(504—48 x 22v) r2x3] + 964423, 
O33 = Ag ( — 640x53 -+ 960r2x3) + bg {[ — 960 +320 x 22 (2 — v)] z3 + 
+ [3884 — 48 x 22 (2—v)] r?x3}— 192a, 2, 
0,3 = ag (960rx} — 240r?) + be [(— 672 +. 48 x 22v) sêr + 
+ (432 — 12 x 22v) r3] + 96a,r. 
To the stresses og, is added a uniform tension 0;,=0 in the oz 
direction, so that the components of the stress tensor contain four 


constants, ag, bg, a,, and b. 
Let the boundary conditions be 


O33 = 0 when z; = h, 
O33 = —p when z; = —A, 
0,3; = 0 when z; = +h, 
where p is the intensity of uniform load. 
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Substituting the expressions for the stress tensor in these boun- 
dary conditions, we determine the constants ag, bse, a,, and b. Conse- 
quenlty, : 


OP gr ik a ae 


3 3 1 
os3=p ( -75 73-3), (9.75) 


3pr 
Or3 = gpa (h? — 23). 


The stresses o,, on the lateral surface of the plate give bending mo- 
ments M, uniformly distributed along the contour. 

To obtain the solution for a simply supported plate, to the com- 
ponents of the stress tensor (9.75) must be added the stresses due 
to pure bending, and the constant b, must be determined so that 
on the lateral surface r = a 


h 
M,= f Opty dr =0. (9.76) 
-=h 


Then 

2+v z3 3(3+-) rz. 3 2+v 2 3 (3+) az 
Orr =P ( sro a (oe Se ae 3 m) (9.77) 
The fulfilment of condition (9.76) means that the application of 
pure bending eliminates the bending moments M, on the lateral 
surface of the plate, the stresses o,, 
being equal to 


2+v 23 3 
or = ( 2 z), 





Noting that the resultant vector 
and the resultant moment of the 
stresses 0,, are zero, it may be stat- 
ed on the basis of Saint Venant’s 
principle that the field of the stress 
tensor is sufficiently accurate at 
points remote from the lateral 
surface. 

Consider the torsion of a body 
of revolution. Let to the bases of 
a body of revolution (Fig. 42) be applied given forces satisfying the 
conditions of equilibrium of an absolutely rigid body and reducing 
to twisting couples. Body forces are absent, and the lateral surface 
of the body is free from surface forces. 

This problem will be solved in terms of displacements in cylindri- 
cal co-ordinates assuming that u, = u = 0, while Ug, because of 





Fig. 42 
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the axial symmetry of the deformation of the body of revolution, 
is independent of the polar angle @ and is a function only of r and 
x3. Since u, = ug = 0 and ug = uy (T, z3), from formulas (3.29) 
we find 
Crp = Cop = C33 = 3p = 0, 
4 [0g Ue 1 de (9.78) 
coma (aT) = aay 


Substituting (9.78) in the formulas of Hooke’s law, we have 


Orr = Ogg = 933 = 037 = 0, 





du u au (9.79) 
=p (G+), ed a 


Noting that the components 0,, and Og3 are also independent of 
the angle @ and that body forces are absent, from Eqs. (2.30) we 
obtain 
ôro 0093 2079 
ðr Ox, r 


=, 








The last equation is rearranged in the form 


ô ô 
Tr (r?0;¢) + Gry (r°0q3) = 0. (9.80) 
The solution of Eq. (9.80) is 
4 ôD 1 a 
Op = Tr Gp? Org = -m Oe, ° (9.81) 


Here the function ® (r, x3), called the stress function, is determined 
from the compatibility equations. 

The strain compatibility conditions (3.40) for the given problem, 
with (9.79), take the form 


a(1 ô 4 4 (r0;9) 
GF a (es) ) — Ge ea, = 
eo. 0? o, 
Lai E TaN a 
6x2 Or Ozg r 


With (9.81), the second equation becomes 


ô eo 3 ôD at 
A ( ae F or T ôx? )=0. 





The latter is satisfied if 
ao 3 a ao (9.82) 


a Fort aay 
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By direct checking it can easily be verified that under condition 
(9.82) the first equation is satisfied identically. Thus, the strain 
compatibility condition for the given problem is of the form of (9.82). 

The boundary condition for the function Ð may be established 
by the following argument. In view of the fact that the lateral 





surface of the bar is free from surface forces, the sum of the projec- 
tions of the shearing stresses O3 and Og,, acting at points of the 
boundary of an axial section, on the normal to the boundary 
(Fig. 42) must vanish, i.e., 


Og, COS (N, T) + Ogs cos (n, £3) = 0. (9.83) 
Referring to Fig. 42, we have 
cos (n, r)= Ss » COS(n, r3)= —4, (9.84) 


where dl is an element of arc length of the boundary. 
Substituting (9.81) and (9.84) in the boundary condition (9.83), 
we find 
6D drz ôD dr 


Od} oF eee 
from which a =0 or D=C. 
The magnitude of the twisting moment is related to the function © 
by the equation 
R(x3) R(x) 
M=2n È oggr2dr=2n | 2? dr=?2n{0[R (z), 9] —® (0, za). 
0 


0 
(9.85) 


If the body of revolution has the shape of a cone (Fig. 43), the follow- 
ing relation holds on its surface: 


Ts 


Ver = COS Q. (9.86) 
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Obviously, any function of the argument representing the left- 
hand side of (9.86) is a constant on the surface of the cone. We try 
to find the stress function in the form 


O (r, 23) = ATR sag +B ye) (9.87) 


Vera 
where A, B, n are unknown constants. 
It appears from the above that this function satisfies the condi- 
tion ® (r, z) = constant on the surface of the cone. Function 
(9.87) satisfies Eq. (9.82) if we assume 


1 
B= —5, 





n=3. 


Thus, 
1 


EN (ava Se 
alya lyera) I 
The constant A is determined from (9.85): 


eee eee rem |. eens 
~ 2n (2—3 cos g- cos? a) * 


Dir, z3) = 


According to formulas (9.81), the shearing stresses are: 


2 
s= AAE 5 Aa TE 


80. THERMAL STRESSES 


Let us determine stresses and strains in a hollow sphere due to a 
steady-state temperature field when a constant temperature T, is 
maintained on the inner surface of the sphere and a constant temper- 
ature T, on the outer surface. In this problem the distribution of 
all required quantities is symmetrical about the centre of the sphere, 
i.e., all required quantities depend only on the radius r. In a sphe- 
rical co-ordinate system Eq. (5.13) and the boundary conditions 
(5.15) become therefore 


d aT 
d(nZ)ao oss 
T=T, when r=a 
a , 9.89 
T=T, when r=b. (a) 
The solution of problem (9.88), (9.89) is 
=4+2, (9.90) 


where 
ab 
A=; TT), B= (4-2). 
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Because of the symmetry of the state of stress about the centre of 
the sphere we have 


Ooo (r) =p (r), Orp = Sry = Fy = 0, 0, =0; (r). 
By (2.31), the differential equation of equilibrium becomes 
a 





+2 2e 0, (9.91) 


For our problem uy = ug = 0 and u, = u, (r); hence, from (3.32) 
we find 











dur i 
E= = ; epp = e = — , epr =ĉpp =erp= 9. (9.92) 
Inserting (9.92) in (4.56), we have 
o= (A+ Qu) Z2 GT, 
d r 
op=op =A E 2 (h+p) eT, (9.93) 


Ogr = Opg = Ory = 0. 
Substituting relations (9.93) in (9.91) gives 
du, 2 dur 2u,  — dT 
a in ae p ee 





1+v 
~~ 4 











dr Lr dr =E gp 
By integrating this equation, we find 


d ait |- aT 


w=% | Tr? dr-+eyr +2, (9.94) 


Substituting the function T = T (r) from (9.90) in this expression, 
we obtain 


A 2 
u=g| $+B ti40 45 r2 terti. (9.95) 


Inserting expression (9.95) in (9.93), we find 
B Aga? 3 4 
onm AtA [Es AB 4 BBR 2 











T3 
A 2 B 2 
Palota oaa ae ae | oer 
Aga? 2B, 2 
Gog = Typ A [SE + AE 4 RE | + 
A B A 2 B 3 
Faal oe a eg ge aa 


The constants c, and c, are determined from the boundary condi- 
tions o,, = 0 when r = a and r = b. 


CHAPTER X 


Theory of propagation 
of elastic waves 


81. TWO TYPES OF WAVES 


The existence of two types of waves in a homogeneous isotropic 
medium was first proved by S. D. Poisson; one type of wave is known 
as compression-dilatation waves, the other as shear waves. Poisson 
showed that they are characterized by different velocities of wave 
front propagation, and also by the fact that compression-dilatation 
waves involve no rotation of particles, while shear waves are not 
accompanied by a change of volume. 

We proceed to the proof of the existence of two types of waves. Let 
us consider an infinite medium. The mass forces F acting on this 
medium and the displacement field u are represented as 


F = VO + rot Y, (10.1) 
u = Vo + rot. (10.2) 
Here ® and ọ are scalar functions of the co-ordinates (£4, £o, £3) 
and the time ¢, and ¥ and > are vector functions of the co-ordinates 
and the time t. 
It follows from (10.2) that 
div u = Ag. (10.3 


Substituting expressions (10.1) and (10.2) in the equation of motion 
of an elastic medium (5.5), taking into account (10.3), and inter- 
changing the order of the differential operators, we obtain 


Vv [ciag maa +0] + rot [daw — ep +Y] =0, (10.4) 





where 
qa Ath, goh, (10.5) 
It is easy to see that (10.4) is satisfied if we assume 
cig — 22 = 0, (10.6) 
gap- SP = Y. (10.7) 


Thus, it is proved that the vector field w defined by (10.2) is the 
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solution of Eq. (5.5) if the functions ọ and p satisfy (10.6) and (10.7); 
the function @ is called the longitudinal potential, and p is the 
transverse potential. 

The question now arises as to whether these equations have solu- 
tions that cannot be represented in the form indicated above. It may 
be shown that there are no such solutions. We shall mention some 
important consequences. 

(a) Let ¥ = 0 and let the initial conditions be p = 0 when £ = fy. 
The resulting equation for the determination of p is then the homo- 
geneous equation (10.7) with zero initial conditions. This means that 
ap is always zero; it follows from Eq. (10.2) that u = Vọ and 
rot u = 0. 

This shows that a wave described by the function @ involves no 
rotation of the particles of the medium, i.e., each of them has a mo- 
tion of translation. Such waves are therefore called longitudinal. 
It must be emphasized once again that if ¥ = 0 and if at a cer- 
tain instant the wave field is longitudinal in nature, it always re- 
mains so, i.e., longitudinal waves propagating in an isotropic homo- 
geneous infinite medium do not generate transverse waves. 

Equation (10.6) describing longitudinal waves is a non-homoge- 
neous wave equation. It is known that if the function ® and the ini- 
tial conditions in a finite part of space are different from zero, then 
the surface separating the disturbed from the undisturbed region 
(the wave front) is propagated in the direction of its normal towards 
the undisturbed region with a velocity c,. 

(b) Let now =Q and let the initial conditions be ọ = 0 when 
t = fọ. Then ọ = 0 and u = rot. In this field the dilatation is 
zero. Indeed, div u = div roty = 0. 

Waves possessing this property are called transverse or shear waves. 
Transverse waves propagating in an infinite medium do not gen- 
erate longitudinal waves. The velocity of propagation of the trans- 
verse wave front is c}. 

In a homogeneous medium with boundary the longitudinal and 
transverse waves travel independently only until the front inter- 
sects the boundary. Waves (reflected waves, as they are called) of 
both types are then formed for it is usually impossible to satisfy 
the system of boundary conditions by introducing a reflected wave 
of any one type. 

Consider several examples. 

1. Plane longitudinal wave. Suppose that body forces are absent, 
the transverse potential is identically zero, and the longitudinal 
potential @ depends only on z, and f. Equation (10.6) then transforms 
into the equation of vibration of a string. 





229 Dp 0 
1 ðr? ôt? 
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and has a solution of the form 
P = f (t1 — qt) + g (% + ct), (10.8) 


where f and g are arbitrary twice differentiable functions. 

The first term in (10.8) represents a wave of constant shape moving 
with the velocity c, in the positive direction of the z, axis, and the 
second term represents a wave of constant shape moving in the oppo- 
site direction. 

The displacement corresponding to solution (10.8) is, by (40.2), 


u= =f (z1 —c1t) +g" (£1 + ct). (10.9) 


Expression (10.9) shows that for a fixed £ the wave field on each 
plane perpendicular to the xz, axis does not change from point to 
point and is parallel to the x, axis. If the direction of propagation of 
a plane wave does not coincide with the zı axis, the displacement 
field is described by more complicated formulas, although the physi- 
cal picture remains the same. Let us derive the corresponding for- 
mulas. 

Let the direction of propagation of plane longitudinal waves n 
make with the co-ordinate axes angles whose cosines are n;. Denote 
by l the distance measured along a straight line parallel to the direc- 
tion n. For simplicity, we consider a wave travelling in one direction. 
Substituting for l its expression l = z,n, (k = 1, 2, 3), we obtain 

P = f (l — qt) = f (tm, — ct). 
From (10.2), the components of the displacement vector are obtained 
as 
Uy = nyf’ (Eine — Gt) (v = 1, 2, 3). 

2. Spherical longitudinal wave. Consider the case when the longi- 

tudinal potential ọ in a spherical co-ordinate system depends only 


on the radius r and the time ¢. The transverse potential is again 


identically zero. Body forces are absent. 
In this case Eq. (10.6) in spherical co-ordinates becomes 


roza i te 
ôr? 'r 2 c Ot 
or a 


2 0? 
Jre (r ~)— = ro (rg) =0. 
The solution of this equation is! 
rọ = f (r — ct) + g(r + ab); 


hence, 
p=4 fret) +t g(r +t). (10.10) 
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The first term in (10.10) represents a wave diverging from the centre, 

and the second term represents a wave moving towards the centre. 
Consider a wave diverging from the centre. Since the longitudinal 

potential ọ depends only on rand ż, the only non-vanishing projection 

of the vector u in spherical coordinates (r, p, ọ) is 

ai ret) — Eet). (10.44) 


Ur = or 


Expression (10.11) indicates that the displacement u, is directed 
strictly along the radius and does not change from point to point 
if the points lie on the same sphere (for a fixed time t). 

It is important to emphasize that as r tends to zero, u, tends to 
infinity, and so do the strains and stresses. In general, Lamé’s equa- 
tions are unsuitable to describe a medium undergoing large defor- 
mations. But formally these equations admit such solutions and 
they are suitable, and convenient, for describing real processes 
when r is bounded from below. Suppose, for example, that an elastic 
wave is produced by a uniform pressure applied to the surface of 
a spherical cavity of radius rọ. Formula (10.11) then describes the 
solution in the region r>=ry, and the singularity as r +0 is found 
to be outside the region in which the solution is sought. In this exam- 
ple the function f appearing in formula (10.11) is easily determined 
from the given pressure p = p (ro, t) on the cavity. 

Thus, solution (10.11) has a singularity at r = 0. This singularity 
is called the centre of dilatation. Note that, in contrast to a plane 
wave which does not change its shape during propagation, a sphe- 


rical wave does change its shape. Indeed, the coefficients + and 4 


in formula (10.11) show that the wave amplitudes change with r. 

3. Plane transverse wave. Suppose that body forces are again ab- 
sent; the longitudinal potential ọ = 0, and the transverse potential 
ap has only one non-vanishing component 3, which depends on z, 
and ¢ alone. From (10.7) we obtain 


2 Oh, Is _ 


2 ax? ðt? 








Hence 
ths = f (£1 — cat) +g (ty + cat). 

„For simplicity, we consider only a wave travelling in the positive 
direction of the xz, axis. The projections of the displacement vector 
are given by the formulas 

Uy = Ug = 0, Uy = —f (tı — cat). 


Here the direction of the z; axis is the direction of propagation of the 
wave. In contrast to a plane longitudinal wave, however, its velocity 
of propagation is c, and the direction of its displacement does not 
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coincide with the direction of wave propagation, but is perpendicular 
to it (in the present case the displacement is directed along the z, 
axis). 

It can easily be verified that the dilatation in this wave, as in 
the general case of a transverse wave, is zero: 

div u= 220, 
GEZ 

According to formulas (3.27), the components of the tensor of rota- 
tion of particles are obtained as 


1 
0, = @,=0, @3= 5 f” (4 — cat), 


i.e., the particles rotate along an axis parallel to the z, axis. 


82. RAYLEIGH SURFACE WAVES 


Consider an elastic half-space. Let the origin of coordinates be 
placed on its surface, with the xz, axis directed along the boundary 
and the z, axis into the medium (Fig. 44). It is assumed that body 
forces are absent. We seek a solution of Eqs. (10.6) and (10.7) that is 
independent of z (plane strain), varies in time according to a sine 
law, dies off with depth, and satisfies the conditions T,, = Tas = 0 

on the boundary z = 0. When 
X za = 0, we have 


Oog = On = 0. (10.12) 


This is a problem of free vibrations 
of a half-space. 

The solution is sought in the 
form: 


qp = Ae-2x:+ig ct) (a >> 0), (10.13) 
ths = Be- Bxzt+iale, - ct) (B>0), 

p= p= 0. 
Here q is a given frequency. The constants a, B, c (c is the phase 
velocity), A, B must be chosen so that (10.13) will satisfy Eqs. (10.6), 
(10.7) and the boundary conditions (10.12). 


Substituting (10.13) in (10.6) and (10.7), we obtain, after simple 
manipulation, 





X2 
Fig. 44 





Z z 
a=qV rer 


p=q V1 —=. 


-~ 


(10.14) 
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On the basis of solution (10.13) and formula (10.2) we find 
u, = (igAe-%*2 — BBe- 8x2) efa(es1—ct), 
Ug = (— aAe~%*s — igBe~ 8x2) eia -ct 


Consequently, the displacement vector w is in planes perpendicular 
to the x, axis. 
The displacements on the boundary z, = 0 are 


u, = (igA —BB) e~i91-), ug = — (&A + iqB) ê, (10.15) 
By using the formulas for the displacement and Hooke’s law, it is 
easy to obtain expressions for the components of the stress tensor 
on the boundary: 
c? oe c? ial(x, ct 
Oz = ug? {(2 =f] A+2i V 4 = B} etalat), 
E 2 ; 
013 = pg? { —2i V1 = T A+ (2 =a) B} eiaei), 


In order to satisfy the boundary conditions (10.12), it is necessary to 
put 


2 a 
(2-4) A+2Y 1-4 B=0, 
; c? c? 
-ay 1—5 4+ (2—5) B=0. 
We have obtained a linear homogeneous system of equations in A 


and B. For A and B to be different from zero, the determinant R of 
this system must be set equal to zero: 


Re (2-5) —4 V (1—5) (1—5 )=0 (10.17) 


(10.16) 


or 
R= (2—k?—4Y (1— k) (1— yh) =0, 
where 


2 2 
k=, (a 1 


This equation determines the phase velocity c; it is important to 
emphasize that the latter is independent of the frequency q, but de- 
pends only on the ratio c,/c,. 

Let us show that c? < c}. Indeed, putting c = c,, we obtain R = 1. 
On the other hand, when c = 0, we have R = 0 and R’ = —2 x 
x (1 — y) < 0. It follows from this that Eq. (10.17) has the root 
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k= a < 1 for all values of c,/c, (Fig. 45). It may be shown that 


2 
there are no other roots on the interval [0, 1] (the root c = 0 corres- 
R ponding to the zero solution not being 
considered). In particular, when A = p, i.e., 


a 
ea 2(1——1) laa] 


From (10.16) we ae 


when ¢,/c, = 


K 
a= 1-2, Ba(2-4)2 


z 
c3 q? 


where D is an arbitrary constant. Then 


u = D V1 -5 [ 2e-a2, — (2-5) eB | etx et), 
aoe TEE] eg e ee 


We have constructed the solution in complex form, but since the 
equations and the boundary conditions of the problem are linear, 
its solution is given by both the real and the imaginary part of the 
resulting expressions; for example, 


u = DY 1 -5 [ 26-2 — (2-5) eB. | cosq (zı —ct), (10.18) 


Ug = —D[|2 V (1—5) (1-4) e- UX, 
— (2—5) eB | sin q (zı —ct). 


Since the coefficients a and 6 [formulas (10.14)], characterizing 
the attenuation with depth, grow with increasing frequency q, we 
deduce from (10.18) that the longer the wave, the greater is the 
depth at which it has an effect. 

When z, = 0, from (10.18) we obtain 


Fig. 45 


or e 
w=DY bar cos q (x, — ct), 


c? c? c? ; 
u, =—D [2 vV ( i=) ( 1—-)—(2-4) | sin q (x;—c?). 
It follows from this that the points of the surface move in ellipses. 


The waves considered above were first studied by Rayleigh 
(J. W. Strutt). They are observed far from the disturbance source. 


(10.19) 
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Since the energy carried by these waves is concentrated at the surface- 
and is dissipated over the surface, its dissipation is slower than in 
waves where the energy is dissipated over the volume of the disturbed 
region. During earthquakes, therefore, for an observer remote from 
the epicentre the Rayleigh waves represent the greatest danger. 


83. LOVE WAVES 


Consider an elastic layer of constant thickness H with elastic: 
constants A, u and density p, resting on an elastic half-space with. 





parameters Ay, Uy, Py Assume that the velocity of transverse waves: 
in the layer c, is less than the corresponding velocity Cx in the 
half-space: 


Co < Coe (10.20) 


Let the x, axis be taken along the interface, with the x, axis directed 
into the half-space (Fig. 46). 


Let the boundary of the layer x, = —H be free from load, i.e., 
Ta = Tao = Tag = 0. When z, = —H, 
O23 = O12 = O23 = 0, (10.214) 
and at the interface 
u= u], Ug, Ug=uz, (10.22): 
Oz =O%, Oiz =O] Og = 0%, (10.23) 


(starred quantities refer to the half-space). In addition we require 
that as x, tends to infinity the displacements should tend to zero. 
We shall try to find solutions of Eq. (5.5) for the layer and the half- 
space such that the only non-zero components are u3 and už and 
these are independent of x3. Such a wave, if it exists, is a transverse 
one since div u = 0. 
From Eq. (5.5) (without considering body forces) we obtain 

us 1 Gu, už uk 1 Gus (10 24) 


ôx? at Ox? =g ðt? 0x2 ôx? ca ôt * 
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In view of the above assumptions regarding the displacements the 
first pairs of conditions (10.21), (10.22), and (10.23) are automatical- 








ly satisfied, and the last give the following results: when z, = —H, 
Ou. 
TA =0; (10.25) 
when z,=0, 
ô ôðuž 
uz =u}, Gee le a 2 (10.26) 


We shall seek solutions whose dependence on z, and ¢ is described 
by a sine law, i.e., 


U3 = Í (£2) etx et), už pa fx (Ze) eilset), (10.27) 
Here q is a given frequency, c is unknown phase velocity about which 


we assume C, < € < Cy», this being consistent with (10.20). 
Substituting (10.27) in Eqs. (10.24), we obtain 


f +toj=0 (a= 5—1), 


ae (10.28) 
fB =0(B=Y 1-<-), 


from which 
f (z2) = A sin (qz) + B cos (aqz,), (10.29) 
fa (22) = Ce- 892 + C ebars, 
For the solution fẹ (x,) to be bounded we must put C, = 0, then 
fy (£2) = Ce- Bare, (10.30) 
It follows from the boundary conditions (10.26) that 


B=; A= is C. (10.31) 


Substituting (40.27) in (10.25), and using (10.29), we obtain 
A cos (agH) + B sin (aqgH) = 0 
or, with (10.31), 
= Hb 
tan (aq H) = ae : (10.32) 

Since & and ß are expressed in terms of c, cy, Cy» by means of formu- 
las (10.28), it follows that (10.32) is an equation for the determina- 
mo of the ratio c/c as a function of the parameters gH, C3/C%2, 
By! pb. 

“Let us show that the roots of Eq. (10.32) exist. We assume the 
parameter & = gH to be unknown, and the remaining parameters 
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to be given. As Ẹ = qH varies from zero to oS , tan (aqH) varies from 


zero to infinity, and since the tangent is a continuous function, there 
is a value Ẹ = & for which (10.32) is satisfied. This proves the ex- 
istence of the root of Eq. (10.32). 

We write down the final formulas for displacements: 





ug=C [ cos (agxz) — i sin (age) | errr), 


už = Ce-Bx2tig(x1—ct) , 


The solution obtained represents a wave running in the direction of 
the xz, axis with the velocity c. The displacements in the wave are 
in a plane perpendicular to the direction of propagation and parallel 
to the boundaries of the layer. It is essential to note that their phase 
velocity depends on frequency q (see 10.32), i.e., these waves have 
dispersion. 

These waves were first discovered by A. E. Love and therefore 
they are called after his name. Love waves, while differing from 
Rayleigh waves by the presence of dispersion, by their purely trans- 
verse character, etc., have many features in common with them. 
As Rayleigh waves, they are usually observed during earthquakes 
at considerable distances from the epicentre. As in Rayleigh waves, 
the energy in Love waves is concentrated near the interface, and 
hence they are attenuated more slowly than other waves. 


CHAPTER XI 


Theory of thin plates 


84. DIFFERENTIAL EQUATION FOR BENDING 
OF THIN PLATES 


A body having the middle surface in the form of a plane and whose 
thickness is sufficiently small compared with its other two dimen- 
sions is called a thin plate. Plates find wide application in engineer- 
ing; as typical examples we may mention concrete and reinforced 





Fig. 47 Fig. 48 


concrete plates used in structures, for ship hulls. A plane dividing 
the thickness of the plate in half is called its middle plane. We choose 
the axes of co-ordinates x, and x, in the middle plane, and the z; axis 
perpendicular to it. 

If the deflection of the middle plane of a plate is small compared 
with the plate thickness, the following assumptions apply: (1) 
a normal to the middle plane before bending transforms into a nor- 
mal to the middle plane after bending; (2) the component o¢3 of the 
stress tensor is small compared with the other components of the 
stress tensor; (3) during bending the middle plane of the plate does 
not deform. 

Let the deflection of the middle plane be denoted by w, and the 
displacements parallel tothe z, and z, axes by u, and we, respectively. 

Consider sections of the plate parallel to the planes zz and ££, 
as shown in Figs. 47 and 48, respectively. Referring to these figures, 
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and remembering the first assumption, for displacements of a point 
B lying on a normal to the middle plane of the plate we have 


uy = —z7; tan &, U, = —z; tan B. 


Since the deflection is considered to be small, it follows that 





Ow Ow 
a= tan a = a ’ p= tan p= za: 
Taking into account the last relations, we find 
ôw dw 
ui = — 23 On,’ Ug = TI Gar (41.4) 


From formulas (3.26), with (11.1), we find 


8w _ Ow Ow 11.2 
eu = — Ts Gar lz = Ts aay C12= — 23 Ta om ° (11.2) 


By virtue of the assumption (1) we have 
ĉi3 = Cos — 0. (41.3) 


On the basis of the assumption (2) we put o3 = 0; by formulas 
(11.2), Hooke’s law becomes 








= Ezg aw Ow 
u= — Ty ( ax? F ôx? E 
a Ezg 3w Ow 
O22 = — 1— y? ( ôx? +¥ a) 
(41.4) 
Fie ee 
120" Tv Ox, Ory * 
Denote by M,, M, the bending Fig. 49 


moments, by Mis = M,, the 
twisting moments, and by Q,, Q, the shearing forces per unit length 
of sections parallel to the planes 2,2, and zz (Fig. 49), i.e., 


h/2 h/2 


M,= f O41123 d3, M,= j O22213 dx3, 
-h/2 —h/2 
h/2 
Mi = Ma = í 0423 azz, (11 .5) 
=h/2 
h/2 h/2 


a= | 031 zz, Q= f O39 dz. 
—h/2 -h/2 


` 
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In spite of the fact that according to (11.3) it is necessary to put 
O31 = 2pes, = 0, Oga = 2uez, = 0, in setting up the equations of 
equilibrium we must take into account the resultant forces (shearing 
forces) Q, and Q, due to the shearing stresses 03; and 0,3 as quantities 
of the same order of magnitude as the intensity of transverse force p 
and the moments M,, M, and M,,. 

Substituting the expressions for 0,,, O22, and Oj, in the first three 
relations of (11.5), we find, for a homogeneous plate, 


Ow w 
w w 
M= —D (a HY ar), (11.6) 


02 
My=D(—\) aa 


Eh’ 


where D= TUY 


is the flexural rigidity of the plate. 






Mtadx,Mı 


Q2 +x, 82 
Fig. 50 


Consider an element cut from the plate by two pairs of planes 
parallel to the co-ordinate planes z,x3 and zx; (Fig. 50). For equi- 
librium of this element it is necessary that the sum of the forces 
acting on this element and the sum of their moments about the z, 
and z, axes separately should be equal to zero. Disregarding body 
forces, and neglecting small quantities of the third order, we have 


dx,.Q4 dz, + dx, Q2 dz, + P dx, ax, = 0, 
dx, Mia dz, oom? dx, Mo dz, + Qs dzı ax, == 0, 
de, M o1 dz, ae ds, Mı dza +Q ax, dx, = 0. 
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Here dą, is the partial differential of a function that follows it with. 
respect to the z, co-ordinate. After some manipulation we find 














aQ Qo, 

gn Yaa, FES), (11.7) 
aM ôM = 

Ee — Bay +Q,=0, (11.8) 
OM ôM 

P — Es +Q:=0. (11.9) 


Inserting relations (11.6) in (11.8) and (11.9), we have, for a plate 
of constant thickness, 


ð Pw 0?w 
ra ax, (za 25 ôx? ), 


ô Ow Ow 
Q=—D Oxy (Sa + ZA p 


Substituting the expressions for Q, and Q, in Eq. (11.7), we obtain 


(11.10) 


tw tw ðw _ p 
x4 +2 ax? x2 + ôr D: (14:11) 


This equation was first derived by Sophie Germain. 
Thus, the problem of a plate bent by a transverse force p is red- 
uced to the integration of Eq. (11.11). 


85. BOUNDARY CONDITIONS 


Let us establish the boundary conditions for a rectangular plate 
corresponding to several modes of fixing its edges; the z, and z, axes 
are directed parallel to the edges of the plate. 

(a) Clamped edge. If the edge z, = 0 of the plate is clamped, the 
deflection at the points of this edge is zero and the plane tangential 
to the deflected middle surface coincides with the middle plane of 
the plate before bending: 

Ow 


WleeO= te e 


=0. (11.12) 


(b) Simply supported edge. If the edge x, = 0 of the plate is sup- 
ported and is free to rotate, the deflection and the bending moment 
at this edge must be zero: 


8?w 





ew 
W|x,—9 = 0, aa TY O23 = 0. 
Since along the edge z, = 0 we have w = 0, it follows that 
Aw 
w| x, =0 = Das hie OER Ia 0. 
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Consequently, the boundary conditions for a simply supported edge 
are 
8w 


W| =0 = 0, ZA gah 


=0. (41.13) 

(c) Free edge. If the edge xz, = 0 is free, it is necessary, at first 
‘glance, to require that the bending moment M,, the twisting moment 
Mə, and the shearing force Q, along it should be zero 


- Mils=0=0, Mislx=0=0, Qileo=0. (41.14) 


Thus, in this case there are three boundary conditions whereas 
there were two of them in the other cases. Conditions (11.14) were 
obtained by S. D. Poisson. 

A Later G. Kirchhoff showed 

i that two boundary conditions 

l sufficed to determine com- 


l E pletely the deflection w satis- 
(Mit dy, Miax\ | a fying Eq. (11.11) because two 
! Mzdxz Poisson’s conditions relating 


to the twisting moment Mis 
and the shearing force Q, 
ý may be combined into one 
boundary condition. Conse- 
quently, Poisson’s system of 
boundary conditions (11.14) for 
Sophie Germain’s equation 
(11.11) is overdetermined. 
Consider two adjacent elements of length dz, at the edge x, = 0 
(Fig. 51). The twisting moment per the element of length dz, is 
M dz; it may be replaced by two shearing forces equal to M,, and 
acting at a distance dz, apart; in Fig. 54 these forces are shown by 
solid vectors. For the next element dz, the twisting moment 
(Mis + dx,Mı2) dx, may also be replaced by two shearing forces, 
dx,Mıs; they are shown by dashed vectors. Thus, we find 
that the distribution of twisting moments M,, is statically equiva- 


lent to the distribution of shearing forces of intensity Q; = — ae. 


‘On the basis of Saint Venant’s principle this replacement will have 
an effect on the state of stress in the immediate vicinity of the edge, 
but the state of stress in the remaining part of the plate will remain 
unchanged. 

Consequently, instead of the last two in the boundary conditions 
(141.14) for a free edge of a plate we obtain one condition: 


( = a) o =0. (41.15) 


GEZ 





Mya + ax, Mrz 


Fig. 54 
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On the basis of relations (11.6) and (11.10) for a free edge the boun- 
dary conditions (41.15) and M,|x,9 = 0 may be expressed as 


ew ew 





“Ore PA=) da, ôx? |x,—0 0, 
fe (14.16) 
ZA Vv Gat eat =0. 





In the case of a plate with a curved edge the co-ordinate axes at 
a point of the edge are taken to coincide with the normal n and the 
tangent tv, as shown in Figs. 52 and 53. The relations between Mn, 


a, 


M 


Xz T 





Fig. 52 Fig. 53 


Manz Qn and M, Mio, Q,, Qo are determined from the conditions 


for the equilibrium of an element of the plate, such as s represented 
in Figs. 52 and 53: 


M „= M, cos? a +- Ma sin? a — M4, sin 2a, 
M nr= My, cos? 2a +T sin 2a, (11.17) 


Qn = Q; cos æ +- Q; sina. 
When the curved edge of the plate is ee 


w=0, a = 0; (11.18) 
in the case of the simply supported edge 
w=0, M, =0. 
If the edge of the plate is free, then 
M,=0, Q,—S#t=0, (11.19) 


Mnr 





where the term — is obtained similarly to Fig. 54. 
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86. BENDING EQUATION FOR A PLATE REFERRED 
TO POLAR CO-ORDINATES 


In studying the bending of a circular plate it is advantageous to 
use a polar system of co-ordinates (r, ọ). In this co-ordinate system, 
on the basis of the formulas expressing the relation between polar 
and Cartesian co-ordinates 


r= citar}, @p=are tan, (41.20) 
the harmonic operator takes the form 
#8 ,10, 1 æ 
A= sat 5 or tar gr (11.21) 
Consequently, the bending equation for a plate (41.11) in a polar 
co-ordinate system is written as 


62 104 1 @ o2 1 ô 1 æ P 
(tra tar oe) (arte rtea) 122 


If the load p is distributed symmetrically about the centre of the 


aaa N 


Fig. 54 


plate, the deflection w depends only on the polar radius. In this case 
Eq. (11.22) becomes 
d? 1 d d? 1 d P 
(atrair ter) T 

Let the bénding moments acting at sections with normals r and @ 
be denoted by M, and Mg, respectively, and the twisting moment by 
M, 9. These moments, as usual, are calculated per unit length. Sup- 
pose that the oz, axis coincides with the polar radius r; then the 
moments M,, Mọ, and M,, have the same values as the moments 
M,, Ma, M,a (Fig. 54). Thus, transforming from Cartesian to polar 
co-ordinates by means of (14.20), and putting pọ = 0 in formulas 


86. Bending Equation Referred to Polar Co-ordinates 275 


(11.6), we nae finally, 
ow ew 1 ôw 1 Ow 
M,=—D(<2 z? — Hy ar J= -D| ore Y v(oete age BE 


1 ôw 1 8 0? 
My =—D(+ T Ee ta) (11.23) 
1 w 1 ôw 
Mer =(1—™)D (F a E ap) 


In a similar way, from (11.10) we obtain formulas for the shearing 
forces 





= Da (gate tiie) e] 012 
Q= -DL SZ (Bt+tHetwae) el]. (14.25) 


If the edge of a circular plate of radius a is clamped, then 

















ô 
W| =a = 0, = „a TO (11.26) 
if it is simply supported, then 
w | r=a = Mr | =a = 0; (11.27) 
if it is free, then 
_ 4 OMg 9 
M, |= (Oi) (11.28) 


The general solution of Eq. (11.22) is 
WwW = Wo + W, 
where wọ is a particular solution of Eq. (11.22), w, is the general solu- 
tion of the mies equation 
02 1 6 
(Set rae tae oe) (Gate taa) (11.20) 


The general solution of this equation is given by A. Clebsch in the 
form 


wy = R (r) + x, RY (r) cosng + x, R? (r)sinng. (41.30) 


The solution RP (r), which is independent of the angle g, repre- 
sents the symmetrical bending of a circular plate. Substituting 
this solution in Eq. (11.29) gives 


a 1d n2 @R® 14 aR m 
e 2 ne) <0 


atre a) a rae 
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where k = 0, 1, 2. The general solution of this equation for n = Ois 


RY = Ay + Bor? + Cy ln r + Dor? 1n r; (11.34) 

for n=1 
RY = AMr + BOP 4 CMP 4 Dr lar; (11.32) 

for n>>2 
RO = AM 4 BOP 4 CMP? DY, (44.33) 


The constants of integration A”, B®, C®, and D® (k=1, 2) 
are determined!from the fixing conditions for the edge of the plate. 


87. SYMMETRICAL BENDING OF A CIRCULAR PLATE 


Consider the transverse bending of a circular plate of radius a under 
a uniformly distributed load p when the plate is (1) simply supported 
along the edge and (2) clamped along the edge. 

From the axial symmetry of the bending and from Clebsch’s solu- 
tion (11.30), the solution of the problem is sought in the form 


w=w +R? (r), 


where wọ is a particular solution of the equation 


2 4 ð 2 1a p 
arri (etre) a (11.34) 
which follows from (11.22); this solution is given by 
pee ie 
Wo= Gap r. 


For the solution R (r) determined by formula (11.31) to be bounded, 
we must take Co = 0; then 


w = Ao + Bor? + Dor? In r+ 
On the basis of formula (11.24) we have, at any section r, 
0,= —D[ r++]. 
On the other hand, Q, = —$r. Hence, Dy = 0. Thus 
w= Ap + By? + aim. (11.35) 


The coefficients Ao, By are determined from the fixing condition for 
the plate along the edge. For the case (1) we have, when r = a, 


‘w=0, SiviZ=o. (11.36) 


r or 
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For the case (2), when r = a, 


ow 
w=0, “=0. (11.37) 


Substituting (11.35) in conditions (11.36) and (11.37), we obtain 
a system of linear algebraic equations: 
for the case (1) 


Ay + Boa? +y” =0, 


2B, + oe a? +v (2B. +757 2) =0, 
for the case (2) 
Ap + Boa? + giz at= 0, 


2Boa +55 ae’ =0. 


After determining the constants Ay, Bo, we finally obtain: 
for the case (1) 


w= shy (a? — r?) (Fa a®—r?), 





for the case (2) 


—P_ (g2— 2)2 
w= ar (a til 


From the first formula of (14.4) for the case (4) 
2c) sa (a? — r2), 


rr = 


This stress at the centre of the plate (r = 0) is 


3 (8+) prs 
-32 w 


According to the exact solution, the stress at the centre of the plate 
is, by formula (9.77), 


3 (3+7) ari +24" p (2 3 ze.) 


Or = 


rr = 32 


Comparing the last two formulas, we notice that the additional 
term appearing in the exact solution is small if the thickness of the 


plate is small compared with the radius. Thus, when v = 0.25 and 
2h 1 2h 4 h pit r 
x, = h, for a na n ao) 2h =5 the additional term is, 


respectively, 0.94, 3.8, and 15 per cent of the leading term. 
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